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ABSTRACT 
 
In the field of packaging, barrier layers are functional films, which can be applied to 
polymeric substrates with the objective of enhancing their end-use properties. In the 
case of food packaging applications, the packaging material is required to preserve 
packaged foodstuffs and protect them from a variety of environmental influences. 
Amongst others, the impermeability of the packaging material to substances 
including water vapour, oxygen and aromas is an important requirement for 
successful food packaging. Polymer films, vacuum coated with thin transparent 
barrier layers of aluminium oxide or silicon oxide, are very attractive candidates for 
food packaging applications due to the oxide film imparting attractive properties, 
including good barrier performance, transparency, microwaveability and 
recyclability. 
In this project, aluminium oxide barrier layers were deposited onto various 
commodity grade BOPP films via reactive evaporation of aluminium, using a 
modified industrial ‘boat-type’ roll-to-roll metalliser. Optimisation of the deposited 
coating, in some cases together with potential surface modifications of the BOPP 
films, was the main focus of the work. The effects of different film treatments (in-line 
and off-line); surface properties of the polymer film, such as topography and 
chemistry; coating stoichiometry and thickness; as well as conversion processes; on 
barrier properties were investigated using a broad variety of analytical techniques. 
Furthermore, critical parameters for the convertibility of vacuum coated films, 
including coating adhesion and coating surface energy, were assessed.  
This project has demonstrated that the barrier performance of aluminium oxide 
coated BOPP is heavily dependent on the plain film surface and the 
growth/nucleation conditions of the deposited film, both of which can vary to a large 
extent on standard packaging grade BOPP film. Whilst acceptable oxygen barrier 
levels were achieved on some BOPP film types, others did not match the 
requirements, despite investigating a wide range of coating parameters. This was 
found to be due to the presence of defects (permeation pathways) in the coating, 
which were reproduced from defects in the underlying polymer film surface. With 
regards to the barrier performance after aluminium oxide coating, the polymer film 
surface chemistry was identified as an important parameter. Barrier performance 
was enhanced when the surface of the BOPP film had high oxygen content and 
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when a high surface energy skin layer was co-extruded onto the BOPP film. 
Furthermore, the barrier properties could be improved by the use of BOPP shrink 
films as substrates; this was assumed to be due to a densification of the coating. 
Finally, a lower deposition pressure is also supposed to positively impact the barrier 
performance. Nevertheless, water vapour barrier improvement for aluminium oxide 
coated BOPP films was only achieved for samples that had undergone extensive 
ageing periods, or through the use of different polymer skin layers or via depositing 
coatings with reduced oxygen content, thus obtaining grey coatings that can no 
longer be classified as transparent. Peel tests indicated very high levels of adhesion 
of the aluminium oxide coating to the BOPP film, with cohesive failure taking place 
within the polymer, rather than adhesive failure at the coating-substrate interface. 
Examination of the time related change of surface energy revealed a distinct decay 
with ageing time, most probably due to transfer of polymeric material and film 
additives from the reverse side of the film onto the coating and also migration 
through defects in the coating. Finally, the application of acrylate under- and 
topcoats, as well as adhesive lamination, was found to have the capability to 
significantly enhance the barrier performance of the aluminium oxide coated BOPP 
film. In the case of acrylate undercoats, this was attributed to the change in surface 
chemistry, whilst for topcoats and lamination processes, the barrier properties of the 
acrylate/adhesive play an important role, together with a possible ‘pore filling’ effect. 
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1.1 Context of research 
Flexible polymer films are of great importance in many fields and modern 
applications, ranging from encapsulation of electronic and optical devices and solar 
cells to packaging of a variety of products, including foodstuffs and pharmaceutical 
products. Due to advantages such as low costs, ease of handling and processing, 
flexibility and low weight, polymer films are increasingly being used as replacements 
for traditional materials, such as aluminium foil or glass.  
When applying flexible plastic films for packaging food, the packaging material 
needs to meet high standards in order to be able to preserve the packaged 
products. The crucial function of a package besides containment, convenience and 
communication is the protection of its contents. Hence, the packaging material has 
to maintain the quality and freshness of the food, prevent spoilage and ensure a 
long shelf life from production via transport and storage through to delivery to the 
final consumer. As most foodstuffs are very sensitive, they need to be protected 
from a variety of environmental influences, such as contaminants, microorganisms, 
mechanical damage/deformation and, furthermore, moisture and gas ingress. [1] 
The impermeability of the packaging material to vapours and gases, such as water, 
oxygen, carbon dioxide and aromas (either going into or coming from the product), 
is an essential design consideration for the longevity of the packaged product and, 
hence, is key to successful food packaging. These characteristics are collectively 
termed barrier properties. However, plain polymer films do not usually act as good 
barrier materials, apart from barrier polymers such as ethylene vinyl alcohol 
copolymer (EVOH), polyvinyl alcohol (PVOH) and polyvinylidene chloride (PVdC). 
To achieve these features and to further enhance the end-use properties of the 
polymer substrates, the films are coated (vacuum coating, e.g. metals and their 
oxides, and atmospheric coating, e.g. PVdC) with an additional functional film; a 
barrier layer. Nevertheless, barrier performance depends on many factors. In the 
case of vacuum coated films, these include the structure and properties of the 
coating, the nature of the polymer substrate, the interface characteristics, the 
interactions between coating and substrate as well as the coating technique itself. 
Polymer films vacuum coated with thin transparent inorganic barrier layers, such as 
aluminium or silicon oxide (usually referred to as AlOₓ and SiOₓ as exact 
stoichiometry is not generally measured), are particularly suited for food packaging, 
since they exhibit a combination of properties that are technologically and 
commercially attractive, i.e. good barrier performance, transparency (product 
visibility), microwaveability (microwave transparency), retortability, suitability for 
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metal detectors (non-conductive coating), recyclability. Furthermore, the high 
surface energy of the oxide coating is expected to promote adhesion and to improve 
printability. Nevertheless, the inherently brittle nature of the ceramic coating is a 
major drawback. [2, 3]  
The clear barrier flexible packaging market, which is currently growing worldwide at 
a rate of 10 to 15 % per year [4], arouses widespread interest. Traditionally, EVOH 
or PVOH coextruded/coated barrier films and PVdC atmospheric coated polymer 
films tend to dominate the market [5-7]. EVOH and to a larger extent PVOH, 
however, are moisture sensitive (loss of barrier at high humidity) [6, 8], which makes 
them unsuitable for some foodstuffs, whilst PVdC coated polymer films have fallen 
into disrepute due to the possible release of dioxins upon incineration [9]. As a 
result, such PVdC-based films became unpopular in Japan, thus promoting the 
development of inorganic transparent barrier coatings [4].  
AlOₓ and SiOₓ vacuum coated polymer films can eliminate the issues associated 
with PVdC and EVOH/PVOH and, additionally, offer a further advantage over 
conventional transparent barrier layers, in that they only require a thickness in the 
nanometre range, i.e. three orders of magnitude smaller than the barrier layers 
mentioned above, which are in the range of several microns. Despite this, they still 
give similar barrier properties and, hence, can provide vast economic (raw material 
consumption and cost) and environmental benefits. 
A number of different routes exists for the production of SiOₓ and AlOₓ clear barrier 
films, including reactive evaporation of SiO with O2, plasma enhanced chemical 
vapour deposition (PECVD) of organosilanes, electron beam evaporation of Al2O3, 
reactive thermal evaporation of aluminium in an O2 atmosphere (resistively or 
electron beam), sputtering from an oxide or metal target (reactive sputtering) and 
also atomic layer deposition (ALD). According to current assessments, the reactive 
evaporation of aluminium using resistively heated boats appears to have the 
potential for the lowest cost, due to the low associated capital investment, the use of 
inexpensive raw materials as well as the high process speeds that can be achieved. 
[3, 10, 11] 
During the last decades, developments towards the production of AlOₓ clear barrier 
films using industrial ‘boat-type’ roll-to-roll metallisers have taken place [2, 3, 10, 12]. 
In this process, the standard aluminium metallisation process is modified by injection 
of oxygen into the aluminium vapour cloud, thus resulting in the deposition of a 
transparent aluminium oxide layer. Adapting a standard aluminium vacuum web 
coater for the deposition of transparent AlOₓ coatings has been an aspiration for 
many years. A modification of this well established process will give the unique 
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possibility of using standard high speed coating equipment for the production of 
transparent barrier films at low cost. Nevertheless, optimisation and development 
leading to a commercially viable and fully productionised process are far from 
straightforward. 
Considering the low profit margins within the packaging market, the associated cost 
of the base substrate also plays an important role. Among the billions of square 
metres of plastic films that are vacuum web coated per year for packaging 
applications, polyethylene terephthalate (PET)a and biaxially oriented polypropylene 
(BOPP) are the substrates most widely used [13]. However, BOPP base film still 
remains at a lower cost level than PET film, which causes it to be the material of 
choice regarding commodity clear barrier films. 
Whilst the barrier levels obtained for PET with reactively evaporated aluminium 
oxide (using a ‘boat-type’ roll-to-roll web coater) readily fulfil the requirements for 
food packaging applications, BOPP films have proven to be a more difficult base 
material, on which to apply AlOₓ. Therefore arises the need for an AlOₓ clear barrier 
solution on BOPP film. This will be a substantial advance on the current state of the 
art in a scientific/technological context, not to mention the significant commercial 
and environmental impact. 
  
                                                 
a
 Although polyethylene terephthalate films are commonly referred to as PET films, they 
generally are biaxially oriented and, hence, BOPET (biaxially oriented polyethylene 
terephthalate) would be a more appropriate term to describe these films. 
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1.2 Thesis layout 
This thesis is divided into nine chapters, including a bibliographical chapter 
(Chapter 9) that contains all references. After a general introduction to the context of 
the research work carried out (Chapter 1), Chapter 2 summarises the aims and 
objectives with respect to the trials to be conducted and investigated, the various 
properties to be analysed and characterised, as well as the fundamental 
understanding to be obtained regarding barrier mechanisms for thin vacuum 
deposited inorganic barrier layers on polymer films. 
In Chapter 3, state of the art, the vacuum deposition process used (reactive thermal 
evaporation via resistively heated boats in a roll-to-roll process), its past and recent 
developments and its commercialisation and use are reported. 
Chapter 4 provides the reader a theoretical background on the various subjects and 
processes that have been involved and investigated in the course of this research 
work. This chapter starts with a description of the structure and morphology of 
polypropylene and the BOPP film production process, which is followed by a general 
presentation of the plasma treatment process and its effects on polymer surfaces. 
Subsequently, physical vapour deposition processes, vacuum web coating and 
conversion of vacuum coated films are discussed. At the end of Chapter 4, two 
critical characteristics and requirements for vacuum coated polymer films, adhesion 
and barrier properties (both also investigated extensively in this thesis), are defined 
and explained in detail. 
In Chapter 5, the AlOₓ deposition process and deposition equipment is described 
and illustrated, as are the additional processes applied pre- and post- AlOₓ 
deposition, such as off-line treatments, under- and topcoat deposition and 
lamination. Furthermore, this chapter also contains information on the different 
substrate materials used, as well as the analytical techniques and specific analytical 
equipment applied for the investigation. The experimental flow chart at the end of 
Chapter 5 sheds some light on the context of the experiments and analyses 
conducted. 
The experimental and analytical details are followed by Chapter 6, the main chapter 
of this thesis, in which the results are presented and discussed in six subchapters. 
Thereby, the data on the uncoated polymer films is initially outlined, followed by the 
detailed characterisation of the AlOₓ coated films. The three succeeding 
subchapters present and debate the results following different off-line treatments, 
under- and topcoat deposition and industrial scale lamination. The results obtained 
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for AlOₓ coated polylactic acid film, a biodegradable polymer film, round off the main 
chapter.  
Finally, the main findings and conclusions of this work are summarised in Chapter 7, 
whilst and outlook on possible future work is given in Chapter 8. 
To end with, this thesis is completed with a list of the references and materials cited 
(Chapter 9) as well as an appendix containing additional information and results. 
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2 AIMS AND OBJECTIVES 
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The overall aim of this work is to develop a new generation of low-cost and high-
performance AlOₓ coated BOPP packaging films that will be produced at high 
throughput using the reactive PVD process in a standard ‘boat-type’ industrial roll-to-
roll vacuum web coater/metalliser. Reproducible and consistent barrier performance, 
optical clarity, uniformity of the coated film and coating-to-substrate adhesion 
comparable to current AlOₓ coated PET films, are essential characteristics for a 
successful final product. This will be achieved via completion of the following 
objectives:  
 Construction and completion of a matrix of various process trials to be 
conducted at the industrial partner’s site (reactive thermal evaporation); 
 Assessment of coating-to-substrate adhesion strength in PET and BOPP 
based films; 
 Investigation of the effect of pre- and post-treatment during AlOₓ coating of 
the BOPP base film with the aim of improving coating adhesion and barrier; 
 Detailed analysis/characterisation of the AlOₓ coatings produced regarding 
stoichiometry, structure and optical transparency of the coatings; 
 Establish which of the above factors have the dominant effect on barrier and 
adhesion properties, and how these factors may be interrelated; 
 Analysis/characterisation of various BOPP base films in order to find 
important factors that govern the barrier properties after AlOₓ coating; 
 Adjustment and optimisation of the process conditions as well as the base 
BOPP film followed by examination of the effect of further downstream 
processing such as adhesive lamination on barrier; 
 Application of organic smoothing layers (undercoats) prior to AlOₓ deposition 
as well as protective polymer topcoats after AlOₓ deposition and analysis of 
their barrier characteristics in combination with an AlOₓ layer; 
 Investigation of the fundamental mechanisms and reactions taking place 
when water vapour and also oxygen permeate through an inorganic AlOₓ 
coated BOPP substrate, based on the analytical data obtained. 
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The interest in and, furthermore, work on aluminium oxide barrier coatings via 
reactive evaporation from resistively heated boats started in the late 1980’s, with 
Camvac Ltd., a producer of metallised film (based in Thetford, United Kingdom, 
formerly Bowater/Rexam Packaging), modifying a standard industrial roll-to-roll 
metalliser in order to deposit transparent AlOₓ coatings [14, 15]. However, the early 
AlOₓ coated polymer films revealed insufficient barrier properties and additional 
humidification/conditioning was required in order to boost barrier performance to an 
acceptable level. Further optimisation of the process, together with the application of 
a proprietary plasma technique, resulted in the first commercially available AlOₓ 
coated film of its type: ‘Camclear’, an AlOₓ coated PET barrier film [2, 3]. Throughout 
the years, Camvac’s AlOₓ coated films enjoyed relatively little scientific publicity [16-
18] and for many years, their patented process was the only industrial AlOₓ coating 
process of its type (i.e. reactive evaporation from resistively heated boats) in 
operation. Today, Camvac’s ‘Camclear’ AlOₓ coated films are used and distributed 
by companies such as Celplast Metallized Products [19] and Dupont Teijin Films 
[20, 21].  
In addition to Camvac, another group of researchers at the Fraunhofer Institute for 
Electron Beam and Plasma Technology (based in Dresden, Germany) was working 
on the same topic. Publications reporting their research date back to 1993 [22]. 
Originally starting off with electron beam evaporation [23-25], they soon saw the 
economic potential of reactive deposition from conventional boat evaporators [10]. 
Their process was developed on an experimental-scale roll coater, meeting the 
requirements of commercial production. The key to the Fraunhofer process is the 
plasma assisted deposition of AlOₓ, which results in a densification of the coating 
thus giving better coating structure and barrier properties. A magnetron activated 
deposition (MAD, using a magnetron gas discharge) process [26-28] and a hollow 
cathode activated deposition (HAD, using a hollow cathode gas discharge with a 
cylindrical cathode to create a high density plasma) process [29] were the two 
plasma techniques applied. Further results from the Fraunhofer work have been 
published in several papers [30-34]. Finally, their system with an optimised, modular 
(i.e. with up scaling possibility) HAD unit was successfully incorporated into a 
metalliser from Applied Materials, a manufacturer of industrial vacuum roll coaters 
(based in Alzenau, Germany, formerly Leybold) [35]. Since then, the industrial 
process and data associated with barrier performance obtainable have been 
presented at various conferences [12, 36-40]. In addition to the AlOₓ-HAD process, 
Applied Materials have also started offering a so-called AlOₓ-ECON process in 2012 
[40], which does not have the plasma assistance and is only 
recommended/marketed for PET substrates . 
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The Centro Tecnologie del Vuoto (based in Carsoli, Italy) reports on the reactive 
deposition of AlOₓ barrier layers using a two-step/two-zone process on a 
conventional boat evaporator [41, 42]. Firstly, aluminium is evaporated in a reactive 
environment in order to form a partially oxidised AlOₓ layer (evaporation process) 
and, subsequently, the coating is exposed to a reactive plasma (oxidation process). 
By the use of a suitable winding system, the two steps are repeated four times for 
the final barrier layer of approximately 20 nm thickness. Although this two-step/two-
zone process was patented [43, 44], no further publications or commercialisation for 
the deposition of AlOₓ barrier coatings followed. 
Ultimet Films Ltd., a producer of metallised film (based in Attleborough, United 
Kingdom), have developed and trademarked their own AlOₓ coated barrier film, 
‘CeramAlOₓ’, now distributed by FILMtech in North America [45].  
Bobst Manchester Ltd. (formerly General Vacuum Equipment Ltd.), a manufacturer 
of industrial vacuum roll coaters (based in Heywood, United Kingdom), began 
development work on an AlOₓ process in 2008 and their technology was finally fully 
productionised after two years, with the first machine for industrial AlOₓ production 
being released in 2010. In contrast to the Fraunhofer AlOₓ process, no expensive 
and sophisticated plasma densification is applied. Results of their work have now 
also been published and presented at relevant conferences [46-49]. 
As mentioned previously, there are several techniques available to produce AlOₓ 
barrier layers. The focus of this section, however, only lies on AlOₓ coatings 
produced via reactive evaporation using a ‘boat-type’ roll-to-roll metalliser. 
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4 THEORETICAL BACKGROUND 
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4.1 Biaxially oriented polypropylene film 
Due to its desirable intrinsic key characteristics, such as high melting point, low 
density and excellent chemical resistance, polypropylene (PP) is one of the most 
important modern plastics. Because PP is extremely versatile and the production 
process, as well as the material itself, are environmentally friendly (clean efficient 
process, recyclability), it is used in a wide range of industrial and domestic 
applications as films, fibres or moulded products. [50]  
4.1.1 Chemical composition, structure and morphology of polypropylene 
Polypropylene (formula shown in Figure 4-1) is a thermoplastic polymer and 
consists of long, linear chains. Within the organic polymer Van der Waals forces act 
between the polymer chains. As PP is prepared by polymerisation of propylene (also 
called propene), an olefin, it belongs to the class of polymers known as polyolefins. 
Propylene (see Figure 4-1) is obtained from petrochemical resources, usually via 
cracking of hydrocarbons. 
 
 
Figure 4-1: Structural formulae of propylene (left) and polypropylene (right) 
The unsaturated double bond of propylene provides the basis for the polymerisation 
process. During the chemical polymerisation reaction, the single propylene 
monomers are joined together and form chain-like macromolecules (polymers) with 
an weight-average molecular weight of generally 2.2 x 105 to 7.0 x 105 g/mol [51]. As 
polypropylene features a pseudo-asymmetric carbon atom (the carbon atom bearing 
the methyl group) in every repeat unit, the stereochemical orientation, in which 
monomer is added to a growing polymer chain, is of great importance. Therefore, 
different types of polypropylene homopolymer (consisting of only propylene derived 
repeat units) can be obtained; these are distinguished according to the position of 
the methyl group with respect to the carbon backbone, or the variation in 
stereochemistry of the pseudo-asymmetric carbon atoms along the chain. Such 
variation is known as tactic variation and is often called tacticity (see Figure 4-2). 
[50, 52, 53] 
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Figure 4-2: Tactic variations in PP homopolymer 
Isotactic PP 
The addition of propylene monomers to the end of the polymer chain in the same 
stereochemical orientation leads to the formation of isotactic PP. When isotactic PP 
is schematically represented in a planar zig-zag conformation, the constant 
stereochemistry of the pseudo-asymmetric carbon atom causes the methyl group to 
be always located on the same side of the polymer chain. However, in reality, the 
planar zig-zag conformation is sterically impossible due to the bulk of the methyl 
groups. Consequently, the polymer chains form regularly shaped 31 helices (a 31 
helix has one rotation over three repeat units, see Figure 4-3) that can readily pack 
into a crystal lattice. Commercial PP homopolymer grades generally are 90 to 95 % 
isotactic [54]. Like other semi-crystalline thermoplastics, the basic crystal structure 
of isotactic PP is the lamella, which is made up of folded chains (see Figure 4-3). PP 
chains between adjacent lamellae are in amorphous state. Thus, isotactic PP is 
semi-crystalline with a crystalline melting point (Tm) of 160 to 166 °C (for commercial 
isotactic grades; ideal Tm ≈ 171 °C) [51] and a glass transition temperature (Tg) 
between 0 and 10 °C [55]. 
Syndiotactic PP 
Syndiotactic PP represents another type of stereoregularity. The methyl groups are 
assembled in an alternating stereochemistry along the polymer chain. When 
represented as a planar zig-zag, the orientation of the methyl groups alternates in 
and out of the carbon backbone plane. Syndiotactic PP can also adopt a helical 
conformation (this time a 21 helix) and can therefore crystallise. 
  
Syndiotactic PP 
Isotactic PP 
Atactic PP 
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Atactic PP 
The propylene monomers are attached to the chain without any consistency in 
stereochemical arrangement. Consequently, the orientation of the methyl groups 
relative to the carbon backbone varies randomly. Atactic PP has low or zero 
crystallinity and is considered to be an amorphous polymer. It is rubbery at room 
temperature due to its low Tg. 
Isotactic PP is normally the desired product and to achieve a high yield of this 
material, the polymerisation catalyst system has to be carefully considered, as they 
govern the tacticity and thus the degree of crystallinity. The choice of catalyst also 
enables control of further properties such as molecular weight, molecular weight 
distribution, thermal-oxidative stability, toughness, rigidity or transparency. However, 
the production process and its conditions also have an impact on the polymer 
features.  
The crystalline content of PP can be precisely controlled by co- or terpolymerisation 
of propylene with ethylene and/or butylene. Using a living polymer system, the 
amount and distribution of the co/termonomers can be controlled, hence giving PP 
random co/terpolymers and PP block co/terpolymers. Due to the endless number of 
combinations and distribution of co/termonomers, a large variety of polypropylene 
co/terpolymers are commercially available. 
After isolation from the polymerisation reactor, the PP (sometimes in powder form) is 
fed into an extruder for re-melting and mixing with the corresponding additives, such 
as stabilisers (see next section). The extrudate strands are then pelletised to 
manufacture commonly used PP granules. It is worth noting here that due to the 
tertiary hydrogen atom on the carbon atom carrying the methyl group, virgin PP 
reveals poor oxidative stability and without stabilisers PP would not be the 
commercial success we know it to be. A basic general purpose stabilisation package 
is always added to PP after isolation from the reactor. 
As mentioned before, isotactic PP is a semi-crystalline polymer. The crystallisation 
process in the polymer melt during cooling is driven by the quest for a favourable 
low-energy conformation, which results in the formation of ordered polymer chains. 
The overall crystallisation process takes place in two steps, firstly the nucleation and 
secondly the growth of crystalline structures. Whilst the dominant morphological 
form of isotactic PP is the α-form, which exhibits a monoclinic unit cell, a β-form 
(hexagonal unit cell) and γ-form (orthorhombic unit cell) are also possible [51]. 
Which type of basic crystal structure (i.e. unit cell) is formed, depends on the 
conditions during crystallisation, such as temperature, pressure, cooling rate or flow 
conditions. The structural features of semi-crystalline isotactic PP are illustrated in 
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Figure 4-3. The polymer chains adopt a helical conformation and fold into lamella-
shaped crystals, with typical lamella thicknesses around 50 to 200 Å (for the α-form) 
[50]. The lamellae itself (organised as fibrils) can be arranged in spherulites, which 
grow radially from the point of nucleation. Thereby, the polymer chain axis runs 
vertically to the spherulite radius, i.e. fibrils. The spherulites typically are 1 to 50 µm 
in size [50] and can be observed using light microscopy.  
 
 
Figure 4-3: Structural features of semi-crystalline isotactic PP (adapted from reference [50]) 
During the orientation process for BOPP film production (refer to Chapter 4.1.2), the 
initial spherulitic morphology of the cast sheet (before orientation) is transformed. 
For sequentially oriented BOPP homopolymer films, the orientation in machine 
direction (MD) results in the formation of a stacked lamellae morphology, with the 
lamellae normals aligned parallel to the machine direction (i.e. a structure consisting 
of parallel aligned ‘shish-kebabs’). This deformation is presumably caused by 
localised melting and recrystallisation during the MD drawing process. The second 
orientation step in transverse direction (TD) causes the separation and inclination of 
the stacked lamellae and, finally, results in a fibrillar network morphology. 
Depending on the draw ratios applied in MD and TD, a preferential orientation of the 
fibrils can be present. [56, 57] 
The fibrillar network of BOPP homopolymer films can be observed during AFM 
investigations and has been reported by a variety of research groups [58-63]. 
Nevertheless, the structure of BOPP copolymer (and also terpolymer) film surfaces 
appears different during AFM analysis, as shown by Moosheimer and Bichler [64]. It 
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is assumed that the interruption of the PP polymer chain by co/termonomers must 
prevent the formation of the fibrillar morphology and, consequently, results in a 
rather granular surface texture of the BOPP film. 
For further information on the processing, structure and morphology of 
polypropylene, the reader is referred to references [50-52, 65]. 
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4.1.2 BOPP film additives and film production 
Depending on the final application of PP, additives have to be incorporated into the 
polymer prior to further processing into products, such as films, moulded products or 
fibres. The additive package for PP confers stabilisation to the polymer, as well as 
optimised processing characteristics and end-use properties. In the case of PP 
films, these additives can include: [50, 51, 66] 
Stabilisers (antioxidants, light stabilisers) prevent or retard thermal-oxidative and 
photo-oxidative degradation of PP and consequently deterioration of its physical 
properties, as PP is an inherently unstable polymer. Therefore, PP must be 
stabilised against thermal oxidation (when it is in the melt state during processing 
and during service of the film) and photo-oxidation (especially for outdoor 
applications). Primary antioxidants disrupt the oxidation cycle (free radical chain 
reaction) degrading PP by acting as radical scavengers, whilst secondary 
antioxidants decompose hydroperoxides generated during the degradation process 
and stop the initiation of further oxidation cycles. Optimal protection against thermal 
oxidation is often obtained when combining primary and secondary antioxidants and 
thus taking advantage of synergistic effects. 
Acid scavengers (neutralising agents, antacids) neutralise the acid residues 
originating from the polymerisation catalyst. 
Nucleating agents promote nucleation of crystal structures in the melt, thus 
affecting the size and number of crystal structures known as spherulites. 
Antistatic agents reduce the static charge built up due to the electrical insulating 
nature of PP. This helps to prevent the attraction and accumulation of debris on the 
film surface and also reduces static blocking (sticking together) of film. 
Slip agents reduce the coefficient of friction between the film and manufacturing 
or processing equipment. After extrusion, slip agents intentionally migrate to the film 
surface and act as a lubricant. 
Antiblock particles prevent the adjacent layers of film sticking to one another by 
protruding from the film surface and reducing the contact area by separating the 
individual film layers, i.e. they act as spacers. Thus, they improve handling of the 
film during processing. Antiblock particles consist of inorganic materials, typically 
silica. 
There are two different processes for manufacturing biaxially oriented polypropylene 
film: the tubular process (‘double-bubble’) and the more common tenter process 
(also referred to as the stenter process) [50, 67]. In both cases, the manufacturing of 
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the BOPP film begins with melting and homogenising of the PP and incorporation of 
the additive package, if not yet included during production of the polymer granules. 
This is done by an extruder. 
In the case of tentered BOPP (see Figure 4-4 for illustration), the molten PP is then 
fed to a slit die that spreads it as a thick film onto a chill roll (cooling can also be 
achieved via a water quench bath). Subsequently, the film is reheated and stretched 
in the machine direction as the stretch rolls run faster than the rolls for reheating 
(MD draw ratio about 1:4 to 1:6 [50]). After cooling, the film is passed on to the next 
section for stretching in the transverse direction. Here, the film edges are grasped 
by clips that move apart in a V-shape, whilst the film passes through a temperature 
regulated hot air oven (TD draw ratio about 1:7 to 1:10 [50]).  
Stretching is generally conducted at a temperature of 120 °C to 160 °C [51] (just 
below the melting point). In order to reduce shrinkage (i.e. prevent a memory effect), 
the BOPP film is heated to a slightly higher oven temperature (after TD stretching). 
Thus, the film is annealed and stabilised (heat setting). Afterwards, the film is 
cooled, the edges are trimmed off and the film is wound up. In general, pre-
treatment (mainly corona, see Chapter 4.2.3) of the film is accomplished after heat 
setting. Instead of this sequential two step orientation process, a contactless 
simultaneous orientation process on a tenter system is possible as well (LISIM linear 
motor simultaneous stretching system, developed by Brückner Maschinenbau 
GmbH & Co. KG [68]). 
 
 
Figure 4-4: Schematic representation of BOPP film production by means of the tenter 
process (adapted from reference [51]) 
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For the tubular process, a thick-walled cast-tube (=’ first bubble’) is extruded using a 
circular die and subsequently is cooled and flattened. After reheating (temperatures 
similar to tenter process), the tube is expanded to a bubble (= ‘second bubble’) by 
injection of air through the die and is at the same time stretched in the machine 
direction (rolls at the end of the bubble run faster than at the beginning of the 
bubble), thus resulting in a simultaneous biaxial orientation of the film (draw ratio in 
both directions approximately 1:8 [67]). The bubble is then cooled, 
collapsed/flattened, slit into two separate films, annealed and wound into a roll. 
Corona treatment may also be carried out in order to increase the surface polarity of 
the film. Figure 4-5 illustrates the described tubular process.  
 
 
Figure 4-5: BOPP film production via tubular process [source: Innovia films] 
The orientation of PP causes an alignment of the polymer chains, hence giving the 
BOPP film its special end-use properties. This entails a rise of crystallinity, which 
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improves stiffness and strength (depending on draw ratio). Increased crystallinity 
also results in good water vapour barrier, which is of great importance for food 
packaging applications. However, the oxygen barrier is still low, and therefore 
coating (e.g. PVdC or inorganic barrier layers) of the BOPP film is required. 
Additionally, the dielectric strength is enhanced by the orientation process and, 
consequently, BOPP film can be used as an insulating material, for example in 
capacitors. Further positive effects are the improvement of optical features (such as 
clarity) and a higher strength at low temperatures. A negative aspect is that with 
rising stiffness the tear strength decreases. [50, 51] 
In general, BOPP films are coextruded, producing a multilayer structure (note the 
three extruders feeding a coextrusion die and subsequent film orientation in Figure 
4-5). Standard packaging grade BOPP films for vacuum web coating usually consist 
of three layers with a PP homopolymer core and a skin layer on each side, as 
illustrated in Figure 4-6. These skin layers are 0.5 to 3 µm in thickness and are 
made from a PP co- or terpolymer (with ethylene and/or butylene) in order to modify 
the BOPP film surface and achieve heat-sealability. The outer layers also contain 
the previously mentioned antiblock particles or slip agents. However, the latter 
additives are not used for metallising grade films as they entail poor coating 
adhesion. For metallising grade films, it is, additionally, becoming more common to 
add antiblock particles only to one skin layer, i.e. the side that is not meant to be 
coated [69]. Recently, also five-layer and even seven-layer films have become more 
popular. A five-layer structure, for example, enables the coextrusion of PP with a 
non-miscible polymer such as EVOH or polyamide via the use of a tie-layer. [67, 70] 
 
Figure 4-6: Common three-layer structure of standard packaging grade BOPP film 
BOPP film is the most important material in the range of PP films, the others being 
cast (unoriented) PP (CPP) and monoaxially oriented PP (MOPP) film [67]. 
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4.2 Plasma treatment  
Due to the hydrocarbon nature of polyolefins, the surface of BOPP film is nonpolar 
and therefore has low surface energy, which causes the film to be hydrophobic, with 
poor wettability. This creates significant complications with any kind of further 
conversion, which involves adhesion of other materials to the film, such as 
laminating, printing or coating. Controlled surface oxidation of the film increases 
surface energy and thus leads to enhanced adhesion of adhesives, inks or inorganic 
coatings. Plasma pre-treatment is one of several methods that can induce surface 
oxidation of the film. [67]  
4.2.1 Plasma description and characteristics 
Plasma is the fourth state of matter and describes an ionised or partly ionised, 
gaseous and conductive environment. The name ‘plasma’ is due to Irvin Langmuir, 
who introduced this term as he believed it was analogous to biological plasma. A 
plasma contains a variety of different species, such as electrons, ions, neutral 
atoms/molecules, radicals, excited species and also photons (ultraviolet (UV) to 
visible radiation). As the amounts of positive and negative charges are identical, the 
plasma can be described as quasi-neutral. The various species within the plasma 
are created by different chemical processes, mainly due to inelastic collisions of 
electrons, gas atoms/molecules or ions. These reactions include ionisation, 
excitation, dissociation, charge transfer and recombination, but also photoionisation, 
photoexcitation and relaxation. A main characteristic of a plasma is that, depending 
on the type of gas used, the plasma glows a particular colour. This is caused by 
emission of electromagnetic radiation during relaxation of excited plasma species. 
[71, 72] 
To initiate and sustain all these reactions and hence preserve a stable plasma state, 
energy needs to be continuously added. This can be achieved by means of thermal 
energy (e.g. heat source), different kinds of radiation (e.g. electromagnetic radiation 
like UV) or electrical energy (e.g. an electric field). The type of energy input has a 
substantial effect on the kind of plasma that is generated and its properties, such as 
the quantity (flux) of the different plasma species and their energies. [71, 73] 
Plasmas can be established at different pressures. Therefore, one can distinguish 
between low-pressure plasmas, high-pressure plasmas and atmospheric-pressure 
plasmas (e.g. corona treatment may be regarded as type of atmospheric-pressure 
plasma). Typically, low-pressure plasmas are utilised as in-line film pre-treatments 
prior to vacuum web coating. [72] 
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Another important characteristic is the plasma temperature. In general, the plasma 
does not have a single temperature, but different temperatures for various plasma 
species (electron temperature, ion temperature and gas/neutrals temperature). 
High-pressure plasmas are so-called isothermal plasmas or equilibrium plasmas, as 
ions, electrons and neutral gas species have approximately the same temperature. 
In low-pressure plasmas electrons have a relatively high temperature, while ions 
and gas molecules are at low or ambient temperatures. Therefore, they are called 
non-isothermal plasmas, non-equilibrium plasmas or ‘cold’ plasmas. Since low-
pressure plasmas ensure minimal thermal stress, they are ideally suited for 
treatment of sensitive materials like polymers. [71, 74] 
The temperature is directly related to energy, and thus these two parameters can be 
regarded as equivalent (1 eV ≙ 11600 K). The energy of plasma species, such as 
UV photons or atomic species, needs to be high enough in order to break covalent 
bonds of the polymer. Further important features of plasmas are the densities of the 
different plasma species (for example charge carrier density) and the degree of 
ionisation. These plasma characteristics can vary from position to position within the 
plasma and are therefore not uniform. [71, 72] 
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4.2.2 Effects of plasma treatment on polymers 
Plasma pre-treatment of polymer films is used to modify and improve surface 
properties of the material. During treatment, the different energetic particles and UV-
photons present in the plasma strike and interact with the polymer surface. If their 
energy is sufficiently high, they can break covalent bonds in the carbon backbone 
and induce chemical reactions. The various effects that plasma can have on the 
polymer surface are: [74-76] 
Cleaning: An important effect of plasma treatment is the cleaning of the polymer 
surface from loosely-bonded organic contamination in the form of low-molecular-
weight material, such as oligomers or polymer additives (e.g. antioxidants, slip 
additives). However, contamination such as debris is unlikely be removed by plasma 
treatment (even with some degree of etching, see below), due to the different forces 
and mechanisms attaching them to the polymer surface [4]. 
Ablation/Etching: Unlike cleaning, a greater amount of material is removed from 
the surface by plasma etching. This ablated material generally originates from the 
polymer itself, like a weak boundary layer consisting of low-molecular-weight 
polymer chains or amorphous parts in semi crystalline polymers, which are etched 
at a higher rate than the crystalline regions. Etching can result in smoothing [77, 78] 
as well as roughening [79, 80] of the polymer surface.  
Cross-linking (casing: cross-linking via activated species of inert gases): This 
effect is due to the use of noble gases for polymer plasma treatment. Noble gases 
are not able to create functional groups on the polymer surface, but can cause bond 
breaking within the polymer chains. Consequently, cross-linking and branching can 
occur. However, some researchers revealed that cross-linking may also take place 
on plasma treated polymers when reactive gases such as oxygen are used. 
Chemical modification/activation: When pre-treating BOPP films, chemical 
modification is the desired effect of plasma treatment. Reactive gases like oxygen 
form plasma species that react with the polymer surface by creation of polar 
functional groups (in case of oxygen mainly hydroxyl, carbonyl and carboxyl groups) 
and thus increase the surface polarity. These functionalities can interact with the 
depositing vacuum coating, hence giving rise to better adhesion. As the polarity may 
decrease with time of storage (ageing), plasma pre-treatment is applied in-line prior 
to deposition. In industrial applications, BOPP is mostly treated by plasmas 
containing oxygen. 
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4.2.3 Further pre-treatment possibilities 
Several types of surface pre-treatment exist for use on polymers. These treatments 
have similar effects on the surface as described in the previous chapter and 
generally serve the goal of improving adhesion to the polymer and boosting 
performance of the final product. 
Corona pre-treatment: This important and widely used method of surface 
activation is considered a type of plasma treatment. However, it is performed at 
atmospheric pressure (referred to as ‘ionised air’). Thus, it is usually applied at film 
production site (see Chapter 4.1.2). The main purpose of the treatment is to form 
polar functional groups at the film surface. Nevertheless, compared to other plasma 
treatments, corona treatment is less uniform, and the effects are known to decay 
with time/storage due to ageing processes. [67, 81] 
Flame pre-treatment: This treatment can also be classified as a type of plasma 
treatment under atmospheric conditions. During flame treatment, the film surface is 
exposed to a combustion flame (generally methane, propane or butane) with an 
excess of oxygen (oxidising flame). The chemical effects taking place are similar to 
corona treatment. To prevent thermal stress, the film passes over a chilled roll 
during treatment. In comparison to corona treatment, flame treatment is used less 
frequently. [67, 82] 
Chemical pre-treatment: Wet-chemical treatment of polymeric film surfaces also 
represents an important pre-treatment method. Similar to the previously mentioned 
techniques, the surface is oxidised and etched. This can be achieved, for instance, 
by means of strong acids (sulphuric acid, chromic acid). Chemical treatments are 
applied to a lesser extent than plasma treatments due to the associated 
environmental concerns. [74, 83] 
Ozone pre-treatment: On using this procedure, the polymer surface is treated by 
exposure to ozone (with or without UV radiation). It is believed that oxidation takes 
place and functional groups are formed. Researchers observed that ozone 
treatment without UV radiations shows less efficiency. Nevertheless, this form of 
treatment is not commonly applied on an industrial scale. [59, 84] 
Solvent pre-treatment: Solvent cleaning of polymers can remove contaminations 
and additives and, thus, adhesion may be improved. However, some polymers may 
be attacked and their properties degraded by contact with certain solvents. [85] 
Mechanical pre-treatment: By grinding, blasting, brushing or similar processes 
contaminants are removed from the polymer surface, whilst surface roughness is 
increased. This can results in enhanced adhesion. [85] 
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In the industrial application of polymer film treatments, corona, flame or chemical 
treatments are commonly used. In contrast to low-pressure plasma pre-treatment, 
which is applied in-line prior to the vacuum deposition process, the former methods 
are usually carried out in-house by the film manufacturer. Performing a pre-
treatment in-line, only moments before vacuum coating, reduces any changes of the 
treated polymer surface due to ageing. 
With all types of film treatment, it is also of great importance to prevent over-
treatment and thus degradation of the polymer and formation of a weak boundary 
layer consisting of low-molecular-weight oxidised material. This will, in turn, be 
detrimental to the adhesion properties of vacuum deposited coatings. [4, 77, 86] 
In addition to in-line plasma treatment, modern aluminium metallisers may also offer 
the possibility of in-line post-treatment after coating deposition. This can improve the 
properties of the coated films (e.g. barrier) and also has an effect on the 
downstream processability (e.g. laminating, printing). 
It is important to state here that most of the commercially available ‘corona’ 
treatment systems (e.g. the corona treaters at film manufacturer’s site) are 
somewhat incorrectly termed as ‘corona’ treaters, as they do not make use of ‘true’ 
coronas but rather atmospheric dielectric barrier discharges [63, 87, 88]. A ‘true’ 
corona uses an asymmetric electrode arrangement, e.g. a pointed and a planar 
electrode, with the streamers formed at the small, pointed electrode being 
extinguished before they reach the other electrode [87]. Hence, both electrodes can 
be metallic. The ‘corona’ treatment employed when treating polymer films uses a 
dielectric sleeve to cover one of the electrodes [81] and consequently creates a type 
of dielectric barrier discharge, although the electrode geometry can be somewhere 
between ‘true’ corona (asymmetric electrode arrangement) and dielectric barrier 
discharge (symmetric electrode arrangement). 
The term corona, though, will be used in this thesis when describing the treated film 
surfaces, as this is the type of treatment stated in the individual datasheets supplied 
by the film manufacturers and, furthermore, the true treatment configuration is not 
known. Nevertheless, one needs to bear in mind the differences between ‘true’ 
corona and dielectric barrier discharge. 
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4.3 Vacuum coating 
Thin film coatings (ranging from a few nm to several μm) are of great importance in 
many applications, such as decorative and wear-resistant coatings, solar cells or 
various devices for electronics/microelectronics (e.g. metallic or transparent 
electrical conductor films) and optics (e.g. reflective coatings) [72]. When applying 
inorganic coatings to polymer films for food packaging applications, the intention is 
to optimise the moisture, gas and aroma barrier performance. 
4.3.1 Physical vapour deposition 
Different processes have been developed for deposition of thin films. Among those 
techniques utilised in roll-to-roll vacuum web coating are physical vapour deposition 
(PVD) processes, as well as chemical vapour deposition (CVD) processes. During 
PVD, the coating material is evaporated from the solid phase into the gaseous 
phase by the introduction of energy (thermal evaporation, sputtering or arc 
evaporation). The evaporated coating flux is transported to the substrate (film) and 
finally condenses/deposits at its surface, thus forming a coating layer. Typically, 
PVD processes take place in a sub-atmospheric environment, either in high-vacuum 
to reduce gas phase collision of the coating atoms and the inclusion of impurities in 
the growing coating or in the presence of a reactive gas, e.g. for deposition of oxides 
or nitrides [89]. CVD processes use precursor gases and involve the decomposition 
or high temperature reduction of the precursor species in order to deposit the 
desired coating on the substrate surface. Also here, a reaction with a gas is possible 
for the formation of compounds such as oxides. If a plasma is applied to induce the 
decomposition of the precursor, the process is called plasma enhanced CVD 
(PECVD) or plasma assisted CVD (PACVD). [72, 90] 
The three main variants of PVD techniques [91] will be described in the following 
sections: 
Thermal evaporation deposition 
For this kind of deposition, the coating material is vaporised via input of thermal 
energy. This can be achieved in different ways, the most common of which are the 
following two methods: [72, 89, 90, 92] 
Resistance heating: In this case, the coating material is melted and evaporated by 
means of an electric current passing through (and thus heating) a wire (in contact 
with the coating material) or a boat/crucible (filled with the coating material). These 
sources are usually made from high melting point materials. In industrial roll-to-roll 
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systems, resistance heated boats (commonly made from intermetallic mixtures) are 
used, onto which the coating material is fed continuously in the form of a wire. 
Electron beam evaporation: An electron beam is focussed onto the coating material 
(in a crucible) in order to melt and evaporate it. The electrons are accelerated by 
high voltages, and electric/magnetic fields are applied to focus and bend the beam 
onto the coating material. This method offers the advantage that even high melting 
point materials such as tungsten can be evaporated. 
Figure 4-7 illustrates the resistance and electron beam evaporation techniques. 
 
 
 
 
 
            
 
Figure 4-7: Evaporation of coating material via resistance heating (left) and electron beam 
heating (right) 
Plasma assisted evaporation is also possible (resistance heating or electron beam 
evaporation), e.g. for the deposition of transparent aluminium oxide coatings [25, 
27]. 
Further evaporation possibilities include induction heating, radiant heating, arc-
discharge or laser. Induction heating, for example, has been used in Japan to 
produce transparent barrier layers based on silicon oxide [4]. 
Sputter deposition 
In contrast to thermal evaporation deposition, the sputter process uses an inert gas 
to ‘physically vaporise’ the coating material. During sputter deposition processes, 
energetic gas ions originating from a plasma are accelerated towards the target (a 
solid plate of the source material, which acts as the cathode) by an electric field, 
bombard it and, if their energy is sufficient, knock atoms/atom clusters out of its 
surface through a momentum exchange mechanism. These atoms/atom clusters 
then diffuse to the substrate (located opposite the target), where they are deposited 
as a thin film. Additionally, secondary electrons are released from the target. These 
Coating material wire 
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Power supply 
Boat (electrically 
conductive) 
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electrons are of great importance for sustaining the plasma. In general, inert gases 
such as argon are used at a pressure of about 0.1 to 1 Pa to create the plasma. To 
reduce gas phase scattering of the sputtered particles, the distance between target 
and substrate needs to be relatively short (typically 60 to 100 mm). A magnetron 
sputter source uses a magnetic field, which is configured parallel to the target 
surface, in order to increase the yield of sputtered particles and secondary 
electrons. Hence, the electrons are trapped in immediate vicinity of the target 
surface, which increases the electron-atom collision rate. This, in turn, results in an 
enhanced ionisation in the plasma, which provides increased levels of target 
bombardment and thus increased sputtering and deposition rates. The magnetic 
confinement of the plasma also lowers the required operating voltage and enables 
operation at a lower sputtering pressure. [72, 91, 93] 
The main principle and components of the magnetron sputtering process are 
schematically shown in Figure 4-8. 
 
Figure 4-8: Basic principle of magnetron sputtering process 
Ion plating deposition 
During ion plating, the substrate and the condensing coating material are exposed to 
a persistent concurrent bombardment with highly energetic particles. These particles 
are ions (and recombined energetic neutrals) that derive from a reactive/inert gas or 
even from the depositing coating material itself. The ions can be generated by a 
plasma in the substrate region or remotely by an ion-beam (‘ion-gun’). Thermal 
evaporation, sputtering and other processes are used to create the coating flux. This 
deposition process gives good adhesion of the coating to the substrate, and dense 
coatings can be achieved. [72, 91] 
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4.3.2 Vacuum web coating 
Vacuum web coating takes place in so-called roll-to-roll systems (see Figure 4-9). 
These consist of special winding mechanisms that enable a semi-continuous coating 
process. The roll of film is placed into the coater, and a vacuum is generated. The 
film is then unwound from the original roll, pre-treated using an in-line plasma 
process (if required), coated whilst passing over the coating drum and then the film 
is rewound onto a second roll. The coating drum can be cooled during evaporation 
in order to prevent thermal stress within delicate films. The choice of the source for 
the coating material depends on factors including the material itself, the required 
web speed during coating and the aimed uniformity of the coating thickness. In the 
majority of cases, resistive evaporation, electron beam evaporation or sputter 
deposition are utilised. [67, 89] 
 
 
Figure 4-9: Mechanism of vacuum web coating (adapted from reference [67]) 
In industrial film metallising for packaging applications, speeds up to 1000 m/min 
and a coating width of 4.45 m [4] are possible. Film rolls with a length of more than 
60000 m can be coated within one run. Primarily, wire-fed resistively heated 
evaporation boats are used as an evaporation source. These coaters are generally 
referred to as metallisers. Coating thickness is monitored in-line during coating via 
special sensors, e.g. an optical beam (measures optical density (OD) or light 
transmission) or an eddy current probe (measures electrical resistance). Feedback 
loop control allows the wire feed rate to be adjusted in order to maintain optimal and 
uniform coating thickness. [13, 92] 
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4.4 Conversion of vacuum coated films 
A polymer film, vacuum coated with a thin inorganic barrier layer, will always require 
further conversion processes in order to obtain the final flexible packaging material. 
This is necessary to protect the thin barrier layer from damage and consequently 
loss of barrier properties and intended functionality during packaging application. 
The protection can be achieved by laminating the coated film against another 
polymer film and thus embedding the barrier layer between two polymer films or by 
applying another, polymer based, organic coating on top of the inorganic layer. In 
addition to the task of protecting the barrier layer, conversion processes are used to 
confer further functional properties to the vacuum coated film such as heat-
sealability (e.g. lamination against a heat-sealable film or applying a heat-sealable 
topcoat). Moreover, printing is used to enhance the customer appeal of the 
packaging material as well as to provide the customer with necessary information. 
Finally, coating and lamination can also be applied in order to satisfy food contact 
requirements of the materials used. 
Lamination describes a process whereby two or more webs are combined by 
bonding them to one another, generally under application of temperature and/or 
pressure, and can be achieved either by adhesive lamination or extrusion 
lamination. For the latter process, the webs are joined together using a molten 
thermoplastic polymer, frequently polyethylene, extruded between the materials. In 
the case of adhesive lamination, one can distinguish between dry and wet 
processes. The former ones require drying prior to combing the webs, which is the 
case for hot melt adhesives and certain solvent- or water-based adhesives. During 
wet processes, no drying is conducted prior to combining the webs. Solventless 
adhesives, which do not need any drying process at all, fall under this category as 
well as some solvent- or water-based adhesives. For the latter ones, though, drying 
is performed after joining the webs and, consequently, one or more of the materials 
is/are required to be permeable to the solvent/water. Furthermore, there are 
adhesives that can be cured via electron beam or UV irradiation. Similarly to the 
application of printing inks (see later), there is also a variety of ways to apply the 
adhesive onto the polymer web (e.g. gravure, smooth roll, flexo). [1, 67, 94] 
Coating (topcoating) can be carried out instead of lamination in order to protect 
the inorganic barrier layer. A broad variety of coating chemistries, as well as 
(application) techniques (in atmosphere or under vacuum), is available. Mentioned 
here should be extrusion coating, similar to extrusion lamination, and coating of 
solutions, emulsions and dispersions, which are very similar to the application (and 
drying) of the adhesive during lamination, but in both cases without adding a second 
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web [95]. There are, furthermore, vacuum deposition processes for organic topcoats 
usually carried out in-line with the deposition of the inorganic barrier layer (i.e. 
without breaking the vacuum), such as acrylate flash evaporation deposition, which 
according to Yializis [96] has the capability to replace lamination processes. 
Nevertheless, a large-scale industrial realisation of this deposition technique has not 
taken place, due to the limitations and problems associated [97]. Another vacuum 
deposited topcoat, which has been employed on an industrial scale, is a melamine 
based coating trademarked as ‘Freshure’, which additionally also provides barrier 
properties [98]. It may sometimes also be necessary to use a primer (very thin 
coating) or pre-treatment (see Chapter 4.2) in order to boost the adhesion of the 
topcoat to the required level [1]. As well as topcoats, some of these layers can also 
be applied prior to deposition of inorganic barrier layers as undercoats.  
Printing onto flexible packaging materials is mainly accomplished via two 
processes, gravure printing and flexographic printing, which distinguish themselves 
in the way the ink is applied onto the material. If printing directly onto the thin barrier 
layer is not possible in a satisfactory way, so-called primers (primer coatings) can be 
applied in order to enhance printability and ink adhesion/reception. [95] 
One process, which is inevitably involved during any type of conversion, is the 
winding process. This, and also the other conversion processes, imply that the 
barrier coating may get into contact with parts of the winding and web handling 
mechanism, such as rollers, and it is consequently important to avoid stress induced 
damage and possible loss of barrier. Depending on the downstream process and 
the web width required therefore, slitting can be carried out along with winding the 
film. [67] 
A typical packing structure with vacuum coated BOPP, for example, consists of 
metallised BOPP laminated against a reverse printed BOPP. This structure then 
needs to be folded and/or formed into packaging, e.g. via lidding machines or 
vertical form-, fill- and sealing machines. 
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4.5 Adhesion 
A critical requirement for good performance of vacuum coated films is an acceptable 
level of adhesion of the coating to the base substrate. This is not only of importance 
for further processing/converting operations (e.g. to reduce delamination), but may 
also affect the final properties of the product, for example barrier performance. 
4.5.1 Definition of adhesion and cohesion 
Adhesion is a complex phenomenon affected by many parameters. The term 
adhesion can be defined in different ways, mainly depending on the field of 
application. According to the American Society for Testing and Materials (ASTM 
D907), adhesion is “the state in which two surfaces are held together by interphase 
forces” [99]. In addition to that, the ASTM distinguishes between mechanical 
adhesion – “adhesion between surfaces in which the adhesive holds the parts 
together by interlocking action” [99] – and specific adhesion – “adhesion between 
surfaces which are held together by intermolecular forces of a chemical or physical 
nature“ [99]. 
Cohesion is the phenomenon that occurs within a homogeneous material and keeps 
the molecules/atoms together by interatomic and intermolecular forces. These 
forces act between all neighbouring atoms/molecules. At the surface of a 
homogeneous material, however, the cohesive forces cannot be shared in all 
directions as neighbouring ‘partners’ are missing. Thus, atoms/molecules located at 
the surface try to overcome this issue via ‘looking for other partners’, which is the 
first step leading to the phenomenon of adhesion. [100, 101] 
4.5.2 Adhesion theories 
To explain the phenomenon of adhesion, a variety of models has been developed 
and established, the so-called adhesion theories. The number of theories given in 
the relevant literature may vary and, furthermore, exact boundaries between some 
of the different theories cannot always been drawn (see e.g. 
adsorption/chemisorption/thermodynamic theories of adhesion) [83, 100-103]. None 
of the models/theories, however, offers a universal solution to the occurrence of 
adhesion. So the theory which is applicable to a certain adhesion event depends on 
the individual situation. It may involve only one or a combination of several adhesion 
theories. Therefore, the appropriate theory/ies have to be selected on a case-by-
case basis. [83] 
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The following models are presented in accordance with the ASTM definition stated 
above, divided into mechanical and specific adhesion cases. 
Mechanical adhesion (mechanical theory) 
The simplest and oldest attempt to explain adhesion is the mechanical theory. This 
model describes the interlocking of two different surfaces via a ‘lock-and-key’ effect 
due to surface irregularities and roughness. The adhesive (or in our case the 
evaporated coating) penetrates into the pores and cavities of the surface and, thus, 
the materials are joined together. This kind of interlocking can occur on the macro-
scale as well as on the micro-scale [104]. The model of mechanical interlocking is, 
for example, used to explain adhesion for electroless plating of polymers. In this 
case, the polymeric material is initially treated to roughen its surface and afterwards 
plated with the metal. [101-103] 
However, this model cannot explain the fact that strong adhesion can also be 
achieved on smooth surfaces. Therefore, the different theories of specific adhesion 
are applied. This fact may also lead to the question of whether mechanical adhesion 
can be seen as an independent mechanism of adhesion at all. Since pores and 
irregularities increase the contact area between surface and coating/adhesive (in 
comparison to smooth surfaces), the effectiveness of specific adhesion mechanisms 
is enhanced, and this might be the reason for high adhesive strength on rough 
surfaces. [83] 
Specific adhesion 
Specific adhesion includes all models that involve physical, chemical or 
thermodynamic interactions at the interface between the two surfaces [100]. 
 Electrostatic theory 
The theory of electrostatic interaction was originally developed by Derjaguin et al. 
[105]. As soon as two surfaces of different origin are brought into contact, the 
difference in the chemical potential of these materials (e.g. polymer and metal) 
results in a charge carrier diffusion of electrons and thereby in the formation of an 
electrical double layer at the interface. Thus, a system similar to a plate capacitor is 
created between the two materials. The electrical attraction within the double layer 
gives the adhesive strength and is accountable for the observed resistance to 
separation. Weaver [106] was the first to provide proof of electrostatic interactions 
taking place between polymers and vacuum evaporated metals. [101, 107]  
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 Diffusion theory 
This theory uses the phenomenon of fractional Brownian motion to explain the 
adhesion between two surfaces and has been introduced by Voyutskii. He 
suggested that when two materials (usually polymers) are placed into close contact 
with each other, inter-diffusion of molecules or polymer chains across the interface 
occurs. Hence, the two materials are interlocked by entanglements. Main 
requirements for this mechanism are mutual solubility, mobility of the molecule 
segments and a temperature above the glass transition temperature, as the 
fractional Brownian motion is temperature-dependent. This model is only applicable 
to a few situations, for instance the welding of plastics. However, the theory explains 
the adhesion of one polymer to itself (so-called ‘autoadhesion/autohesion’), which, 
for example, may cause blocking of certain polymer film rolls. Faupel et al. [108] 
observed the diffusion of metal atoms into polymers and state that this may account 
for enhanced adhesion of metals deposited onto polymers. Furthermore, also Bartha 
and co-workers [109] discuss a possible diffusion of aluminium into a polyimide 
surface at elevated deposition temperature. [83, 100, 103] 
 Theory of chemical interaction (also referred to as adsorption theory [102]) 
This theory is the most commonly applied concept for adhesive strength. It 
predicates that adhesion is due to a range of forces interacting between the 
molecules and atoms located at the surfaces of the two materials. Thereby, the 
following forces can be involved; primary bonds, such as covalent, ionic or metallic 
bonds, acid-base interactions and secondary bonds, e.g. hydrogen bonds and 
several types of Van der Waals forces. Which interactions, however, are of 
importance in a certain situation, depends on the chemical properties of the 
materials. Generally, Van der Waals forces are involved in nearly every case as they 
are universally present. A common requirement for all these types of interactions is 
a sufficiently close contact between the two surfaces as the forces only act over a 
small distance. Table 4-1 shows the strength (bond energy) and acting range of the 
different forces. The theory of chemical interaction suggests that the same 
interatomic and intermolecular forces that account for cohesion within a 
homogeneous material also cause adhesive strength at the interface between two 
different materials. [83, 102] 
One can also say that the theory of chemical interaction combines and generalises 
the polarisation theory of De Bruyne (principle: dipole character of molecules [100]) 
and the chemical bonding/chemisorption theory (adhesion via primary chemical 
bonds [103], sometimes hydrogen bonding is included in this theory as well). 
Definition and classification of bond types considered for this adhesion theory vary 
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in literature. Some authors may only take Van der Waals forces into account for the 
adsorption theory, whilst others include all types of bonds/interactions (as is the 
case in this thesis). To determine the adhesive forces present at the interface, 
thermodynamic measurement techniques can be applied. 
 
Table 4-1: Primary and secondary bonds [110] 
Bond type 
Bond energy Equilibrium length 
kJ/mol nm 
Primary, chemical   
 Ionic 600 – 1000 0.2 – 0.4 
 Covalent 60 – 800 0.1 – 0.3 
 Metallic 100 – 350 0.2 – 0.6 
Acid-base interactions   
 Conventional Brønsted < 1000  
 Lewis < 80  
Secondary, physical   
 Hydrogen bonds ~ 50 0.3 
 Van der Waals   
     Permanent dipole – dipole 
     interactions (Keesom) 
5 – 20 0.4 
     Dipole – induced dipole 
     interaction (Debye) [111] 
< 2 < 1 
     Dispersion forces  
     (London) 
1 – 40 < 1 
 
 Thermodynamic theory 
The fundamental principle of this model is the process of wetting and spreading. 
According to the thermodynamic theory, adhesion is generated by adsorption 
(involving Van der Waals forces) of the coating material to the substrate material, if 
both materials are in immediate molecular contact. The adhesive strength depends 
on the surface energies of the materials. Many methods have been developed to 
measure surface energies for solids and liquids, like the Wilhelmy plate method (for 
solids), the pendant drop method or the spinning drop method (both for liquids). 
Nevertheless, the most commonly applied method (for solids) is the contact angle 
measurement via the sessile drop method, which will be described later in this thesis 
in more detail (refer to Chapter 5.6.3.1). [100, 101, 103] 
The thermodynamic theory is closely linked to the chemical interaction/adsorption 
theory, which may be a reason why this theory is frequently incorporated into the 
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latter (see Allen [102]). Thus, the question arises of whether the thermodynamic 
theory can be seen as an independent model itself or whether it just represents a 
kind of measurement mechanism to characterise adhesive forces/adhesion. 
In the application of vacuum coating, it has been shown that a higher surface energy 
due to polar functional groups created by plasma pre-treatment usually results in a 
better adhesion of the deposited layer [74]. However, although a high surface 
energy is generally assumed an essential requirement for strong adhesion, it is not 
always sufficient in itself. So even if a high surface energy has been measured, this 
may not necessarily result in strong adhesion of the coating to the substrate film, 
which has been proven for metallised BOPP by Bichler et al. [77]. 
 Weak boundary layer theory 
This theory does not describe an adhesion mechanism but circumstances that may 
lead to adhesion failure. According to Bikerman [112], an interlayer is formed 
between the two surfaces, i.e. the substrate and the coating material, so that no 
direct connection between them is possible. This interlayer presents the weakest 
point of the joint and usually is the place where failure of adhesion occurs. The layer 
can be due to many parameters, for instance impurities in the materials or of the 
environment, inclusion of air or reaction of the material with the environment (for 
example with air, oxidation). Such a layer may be removed by special pre-treatment 
methods. [103, 112] 
Here, it is important to state that pre-treatment (e.g. with plasma) can also cause the 
formation of a weak boundary layer and hence reduce adhesion as a layer 
consisting of low-molecular-weight material can be generated by plasma over-
treatment [77]. 
  
4  T H E O R E T I C A L  B A C K G R O U N D   P a g e  | 39 
 
4.5.3 Measurement of adhesion 
Testing adhesion of evaporated coatings to substrate films is of major importance in 
order to control the coating process and to achieve products of reproducible and 
constant quality. 
On looking for an appropriate method of adhesion measurement, the question 
emerges whether adhesion can be really measured. Many techniques have been 
developed to assess adhesion, but, in order to understand what exactly is measured 
and how to interpret and use the results, two terms need to be defined. Hence, 
Packham [113], Lacombe [114] and Mittal [115-117] distinguish between 
fundamental or basic adhesion and practical or experimental adhesion: 
Fundamental or basic adhesion is due to the forces acting between the 
atoms/molecules at the interface of the two materials and, thus, is tied to the 
theories of adhesion and the definition according to ASTM. Only on occasion might 
it be possible to calculate values of fundamental/basic adhesion from a theoretical 
model or determine them from experimental results, but in most cases 
fundamental/basic adhesion cannot be calculated or in any way directly measured. 
Practical or experimental adhesion is the adhesion that is detected by a test 
method (usually destructive). In the case of thin film adhesion, it is the force or work 
needed to separate the two materials, i.e. the coating and the substrate. The so-
called peel tests or pull-off tests are the most commonly applied tests to detect the 
bond strength between the deposited layer and the substrate film. One main 
requirement is that the break should occur at the interface (adhesive failure) and not 
within one of the materials (cohesive failure). Results obtained via different test 
methods depend strongly on the specific test conditions and are usually not directly 
comparable. Consequently, different techniques give different results. The 
measured value can be seen as the sum of fundamental adhesion and “the work 
spent in other processes, such as the inelastic deformation of the polymer” [115], 
since practical adhesion represents a function of fundamental adhesion and 
additional factors. 
A variety of techniques to determine coating-to-substrate adhesion exists, which 
have been presented in literature [114, 115, 117-119]. Amongst others, peel tests 
(see above) [77, 120], the fragmentation test [121, 122] and nano-
indentation/scratch tests [123-125] play an important role for investigating the 
adhesion properties of vacuum deposited thin films. 
It is, furthermore, important to consider the main requirements for an ideal test. Such 
a test should be “non-destructive, easily adaptable to routine testing [...], relatively 
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simple to perform and interpret, amenable to standardization and automation, 
reproducible and, if possible, quantitative and directly related to coating reliability in 
specific applications” [118]. However, no test method fulfilling all these requirements 
exists to date. The most widely used tests in the vacuum web coating industry are 
the ‘scotch tape test’ (qualitative test) and the peel test (quantitative test) mentioned 
above. 
  
4  T H E O R E T I C A L  B A C K G R O U N D   P a g e  | 41 
 
4.6 Permeation and barrier properties 
Generally speaking, permeation describes the phenomenon whereby a gaseous, 
vaporous or fluid substance (e.g. oxygen, water vapour but also aromas) passes 
through a solid material (e.g. film) from one side to another. This process is of great 
importance for food packaging, since the packaging material needs to provide a 
barrier in order to minimise permeation of substances out of the packaged produce 
as well as vice versa. The permeation of oxygen through the packaging material to 
the food, for example, may accelerate deterioration processes and, thus, decrease 
the quality of packaged goods. 
4.6.1 Permeation through plain polymer films 
Gases and vapours can be transported through the polymer (i.e. film) by two 
different processes: [1] 
 Pore effect: The gaseous and vaporous substances permeate through the 
polymer via small pores, pinholes or cracks. 
 Solution-diffusion effect: The gases and vapours dissolve in the polymeric 
material and diffuse through it due to a gradient in concentration. 
In general, the solution-diffusion model is applied to describe the permeation 
process of gaseous species through polymer films, as pores are usually undesired 
and should not be present. The driving force for permeation is a gradient in 
concentration and partial pressure, respectively, of the permeating substance. Thus, 
permeation through the film takes place in order to compensate for this difference in 
concentration. During permeation processes, the following steps take place: [126] 
 Adsorption (i.e. attachment) of the gas molecules to the polymer surface on 
the high-concentration side 
 Solution in the polymeric material 
 Diffusion through the polymer via fractional Brownian motion due to the 
concentration gradient 
 Desorption of the gas molecules from the polymer surface on the low-
concentration side, i.e. release of dissolved molecules 
Figure 4-10 illustrates the different stages of permeation through a polymer film of 
the thickness  . 
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Figure 4-10: Model for the permeation of gases and vapours through polymers 
(adapted from reference [1]) 
The following parameters and equations are used to describe the phenomenon of 
permeation of vapours and gases (permeants): [1, 126] 
Fick’s first law characterises the diffusion of substances through the homogeneous 
polymeric film: 
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Where:   rate of diffusion [
   
    
] 
    diffusion coefficient [
  
 
] 
  
  
  
 concentration gradient [
   
   
] 
If a steady state (J = constant and no variation of concentration with time) is present, 
integration of (4-1) yields (illustration see Figure 4-10):  
 
    
     
 
 (4-2) 
Where:   film thickness [ ] 
    surface concentration of permeant in polymer [
   
  
] 
In the event of gases, it is more common to use the partial pressure instead of the 
concentration. The solution of gas molecules in a solid polymer can be explained by 
means of Henry’s law. It represents the relationship between the partial pressure 
and the corresponding concentration: 
p1 > p2 p2 
Adsorption and solution 
(Henry’s law) 
Desorption 
(Henry’s law) 
Diffusion 
(Fick’s law) 
Polymer p1 
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       (4-3) 
Where:    partial pressure [  ] 
    solubility/sorption coefficient [
   
     
] 
The permeability coefficient (or just called permeability) arises from the following 
equation: 
 
       (4-4) 
Where:   permeability coefficient [
    
       
] 
The permeability coefficient P, solubility/sorption coefficient S and diffusion 
coefficient D represent temperature dependent variables and can be further defined 
using an Arrhenius-type relationship: 
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Where:   ,   ,     constants unique to the system 
    ,   ,     apparent activation energies  
(specific for each material) [
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     gas constant:       
 
     
 
Combining (4-2) with Henry’s law (4-3) and (4-4) leads to: 
 
     
     
 
            (4-6) 
The permeance (referred to as ‘permeability’ by Langowski [126])    
 
 
 [
   
       
], 
frequently named transmission rate, is of practical relevance for film samples with a 
thickness l.  
Here, it is important to mention about the inconsistent terminology and use present 
in literature with regards to the terms permeability, permeability coefficient and 
transmission rate, which cannot necessarily be used interchangeably. A publication 
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dedicated to this subject with respect to multilayer laminate structures is by Cooksey 
et al. [127]. 
Similarly to the temperature dependence stated above in Equation (4-5), the 
permeance Q of a polymer can generally be described by an Arrhenius-type 
equation: [128, 129] 
 
        
  
     ⁄  (4-7) 
Where:      constant/ unique to the system 
       apparent activation energy of permeations  
(specific for each material) [
 
   
] 
This approach is also used for vacuum coated polymer films and enables the 
investigation of the apparent activation energy of permeation und thus collection of 
information about permeation mechanisms for vacuum deposited barrier layers, 
such as SiOₓ, aluminium or AlOₓ [128, 130, 131]. 
For composites/laminates consisting of several layers of polymers with the 
permeance Qi per layer i, an analogy to electrical conductances in series exists, this 
is the so-called ideal laminate theory [132, 133]. Therefore, the overall permeance 
Qtotal can be determined the following way: 
 
 
      
   
 
  
 
 
  
   (4-8) 
All calculations presented in this chapter are valid for the following basic 
assumptions: [1] 
 A steady state, one-dimensional diffusion takes place 
 A linear gradient in concentration is present 
 D and S are independent of the concentration 
Oxygen and water vapour (and also aromas) are the permeants of main interest with 
regards to food packaging. Differences between the permeation of water vapour and 
gases through polymers exist as water is a polar and reactive molecule and, hence, 
can interact with the polymer. The extent and type of interaction with water depend 
on the specific properties of the polymer, and vary strongly for different polymers. 
Important factors affecting the permeation of gases and vapours through polymers 
include, amongst others; size and shape of the permeating molecule, polarity 
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(chemistry) of the polymer and permeant, the degree of crystallinity, cross-linking 
and orientation in the polymer, the degree of swelling (plasticising) of the polymer in 
presence of condensable vapours and liquids, the polymer’s glass transition 
temperature and also the system composition with regard to additives, composites, 
copolymers or polymer blends. Furthermore, the environment in terms of 
temperature, pressure and relative humidity and, thus, the test conditions for 
transmission rate analysis will affect the permeation of the substances of interest. [1, 
134, 135] 
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4.6.2 Permeation through polymer films with inorganic coatings 
Polymer films are vacuum coated with thin inorganic layers (e.g. AlOₓ, aluminium, 
SiOₓ) in order to improve their barrier properties and reduce permeation of water 
vapour and oxygen. 
However, the solution-diffusion model and thus a calculation according to Equation 
(4-8), which can be used for most polymer multilayer systems, cannot be applied in 
the case of inorganic coatings due to the structure/nature of the coating, specifically 
the presence of defects. If the inorganic coatings had the same structure as their 
respective bulk materials, the expected oxygen and water vapour permeation rates 
would be by far lower than generally measured [131, 136]. The bulk material, as well 
as a bulk-like ‘defect-free’ thin coating, would effectively give virtually perfect barrier 
properties [137, 138]. 
The model commonly applied for permeation through inorganic layers on polymer 
films is the so-called pinhole or defect model shown in Figure 4-11 (left image). The 
pinhole model is based on the work by Prins and Hermans [139], who introduced the 
model to describe the permeation through a metallised polymer film. Since then, 
further work and modelling, including numerical simulations, have been carried out 
by a number of research groups [140-150]. 
 
  
Figure 4-11: Left: Pinhole model (top view and cross-section) [151]; right: normalised 
concentration profile (created by simulation) around a defect in a metallised 12 µm thick 
polyethylene terephthalate film [152] 
According to the pinhole model, the gases and vapours only permeate through 
statistically distributed defects (‘pinholes’b) in the inorganic coating but not through 
the barrier layer itself, i.e. the rest of the coating apart from the defects is assumed 
                                                 
b
 In general, only larger, i.e. macro-scale (see later in this section), defects are referred to as 
pinholes. Furthermore, it is worth mentioning that a pinhole is defined here as a defect in the 
coating layer only, i.e. uncoated area, without any corresponding defect in the underlying 
polymeric substrate [140]. 
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to be impermeable. After passing through the defects in the inorganic coating, the 
permeating substances diffuse out in all directions (lateral diffusion) within the 
polymer, and a three-dimensional concentration profile (see Figure 4-11, right 
image) is created. [151, 153] 
Since defects can be classified according to their size, Langowski [126] 
distinguishes between two types (or size categories) of defects: 
 macroscopic defects (a few nm to several µm) and 
 microscopic defects or poresc (subnanometre range to a few nanometres; 
can be regarded as comparable/equivalent to the nano-defects in an 
analogous defect model established by Roberts et al. [131]).  
Whilst macroscopic defects can be detected with a range of analytical techniques 
including optical (for opaque coatings only), scanning electron and atomic force 
microscopy, the presence of microscopic defects has only been proven indirectly. 
The permeating substances can pass mainly unhindered through the macroscopic 
defects; nevertheless, the flow through microscopic defects will be hindered by, e.g., 
surface diffusion or possibly capillary actions [4]. Langowski’s defect classification is 
similar to a model suggested by Roberts at al. [131] for permeation of gases and 
water vapour through SiOₓ coated polymer films. However, they proposed an 
additional third transport mechanism through the amorphous lattice of the oxide, 
which is, though, less important and almost negligible at room temperature. A 
further, similar categorisation of defects has been developed by Affinito and Hilliard 
[154]. 
Defects can be generated by contaminants (e.g. dust contamination being present 
during the coating process), antiblock particles or high surface roughness of the 
plain uncoated film. These contaminants/particles and surface irregularities prevent 
the formation of a homogeneous (defect-free) coating layer. If the coating material is 
not capable of compensating for these defects, a low coating quality with damaged 
or uncoated surface areas can result. Another source of defects (also referred to 
‘transmission gates’ in the coating) is the handling of the film after coating. 
Scratches and coating pick-off can be generated by direct contact between the 
coating layer and parts of the winding mechanism or antiblock particles (located on 
the non-coated side of the film). Downstream processing, such as slitting or 
laminating, can also lead to damage of the inorganic barrier layer. Additionally, the 
coating process itself and the growth/nucleation mechanisms of the depositing 
coating layer can be the origin of defects. [126, 132, 133, 140] 
                                                 
c
 It should be noted here that the definition and size classification of pores will vary in 
literature, depending on the specific reference (see e.g. [4, 131]). 
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Whilst the permeation of oxygen can be explained quite well to be predominantly 
due to permeation through macroscopic defects in the coating (see detailed review 
for transparent oxide coatings by Chatham [155]), additional effects need to be 
considered in the case of water vapour permeation, and further investigations are 
still necessary. It is assumed that, in addition to macroscopic defects in the inorganic 
coating, water vapour may pass through microscopic defects, such as grain 
boundaries and nano-porous structures [131, 150, 156]. Thereby, capillary 
condensation [133], attractive/chemical interactions and reactions [128, 157, 158], 
including dissociation of water vapour [159, 160] or hydrogen bonding [129], may 
occur. 
Numerical simulations (based on macroscopic defects analysed via optical, 
scanning electron and atomic force microscopy) carried out for metallised BOPP by 
Hanika et al. [156] show good agreement between the simulated results and the 
oxygen transmission rates (OTR) actually measured. However, in the case of water 
vapour transmission rate (WVTR), the measured values are higher than expected 
based on the numerical simulations, thus indicating additional/different permeation 
mechanisms for water vapour. 
An important quality parameter, which quantifies the effect of a coating on the 
barrier performance of the polymer film, is the barrier improvement factor (BIF). This 
characteristic value is defined as the ratio of the permeance (transmission rate) of 
the plain polymer film Q0 to the coated film Q [126]:  
 
     
  
 
 (4-9) 
It is important to note, though, that the BIF value depends on the polymer film 
thickness (which affects the value of Q0). 
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4.6.3 Barrier requirements for packaging applications 
Barrier requirements for various applications, including sensitive foodstuffs, are 
shown in Figure 4-12. The barrier performance that can be achieved by a coated 
polymer film strongly depends on the respective coating technique. Whilst 
transparent oxide coatings produced via evaporation techniques [32, 34, 64] fulfil the 
‘moderate’ barrier requirements for food packaging, PECVD [161, 162] and 
sputtered [163-165] coatings on polymer films can provide even better barrier 
performance. By the use of atomic layer deposition, water vapour transmission rate 
values in the range of 10-3 to 10-5 g/(m2 d) and oxygen transmission rate values 
below 4 x 10-3 cm3/(m2 d) can be achieved [11, 166-168].  
 
Figure 4-12: Barrier requirements for various applications (dotted lines) and barrier 
performance of flexible polymer systems (shaded areas); reference temperature 23 °C [133] 
More detailed information on the oxygen and water vapour barrier requirements for 
a selection of sensitive foodstuffs, such as coffee, oil or meat, and pharmaceutical 
products is given in Figure 4-13. 
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Figure 4-13: Barrier requirements for various sensitive foodstuffs and pharmaceutical 
products [169] 
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5 EXPERIMENTAL DETAILS 
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5.1 AlOₓ coating process and roll-to-roll vacuum coater 
The deposition of the transparent AlOₓ barrier layers is achieved via reactive thermal 
evaporation of aluminium, using a ‘boat-type’ roll-to-roll metalliser. Therefore, 
aluminium wire is continuously fed onto resistively heated boats, where it 
evaporates and forms an aluminium vapour cloud. Oxygen is introduced into the 
aluminium vapour cloud, reacts with the coating flux (presumably on the substrate) 
and a transparent aluminium oxide film is deposited onto the web as it passes with a 
set speed over the coating drum. This basic principle of reactive thermal evaporation 
is further illustrated in Figure 5-1. 
 
 
 
Figure 5-1: Schematic representation of reactive evaporation of aluminium for the production 
of transparent AlOₓ barrier coatings via a roll-to-roll process 
The coating trials were conducted on industrial roll-to-roll vacuum web coaters with 
AlOₓ coating systems at Bobst Manchester Ltd., formerly General Vacuum 
Equipment (Manchester, United Kingdom). The roll coater models used for the trials 
were a K4000 and a K5000 metalliser. The K4000 machine provides an in-line 
source of resistively heated evaporation boats and allows coating of a maximum 
web width of 2450 mm, whilst the K5000 has a staggered arrangement of the 
evaporation boats and can handle web widths up to 2850 mm. Films were coated at 
a web speed of 420 m/min and, additionally, in-line plasma pre- and post-treatments 
with optimised gas recipes (with oxygen) were conducted. An image of a K5000 
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vacuum web coater is shown in Figure 5-2, whilst the main components (apart from 
the pumping system and electronics) of the vacuum web coater (in this case a 
K4000) are illustrated in the cross-section of Figure 5-3 and further described in 
Table 5-1. 
 
Figure 5-2: K5000 vacuum web coater at Bobst Manchester [source: Bobst] 
For the deposition process, the vacuum coater is initially pumped down to a base 
pressure of 1 to 5 x 10-5 mbar (0.001 to 0.005 Pa) in the evaporation chamber. After 
heating up the boats, feeding aluminium wire onto the boats and accelerating the 
web to the required line speed, the shutter is opened to enable coating of the film. 
Oxygen is added and similar to the aluminium metallisation process, a control loop 
is used to monitor the optical properties (i.e. OD or light transmission) of the coated 
film via an optical transmission beam (operating at a wavelength of 626 nm) and 
control the deposition to a certain OD set point. Depending on the specific platform 
and process, the pressure in the evaporation zone during deposition is between 
1 x 10-4 and 1 x 10-3 mbar (0.01 to 0.1 Pa), while the pressure in the plasma treater 
units is kept between 2 – 5 x 10-2 mbar (2 – 5 Pa). Aluminium wire with a minimum 
aluminium content of 99.8 % (1.6 mm diameter, produced by Manfisa, Irurtzun, 
Spain) and oxygen gas with a purity ≥ 99.5 % (supplied by BOC, UK) was used for 
the coating trials. 
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Figure 5-3: Cross-section of vacuum web coater at Bobst Manchester (K4000) 
[source: Bobst] 
The plasma treater unit comprises a plasma source consisting of two magnetically 
enhanced water cooled electrodes, which work similarly to magnetron sputter 
targets. A 10 kW power supply is connected to the electrodes and an exciter circuit 
is used to produce a sinusoidal alternating voltage at frequencies between 20 and 
100 kHz. In order to minimise the sputter effect, the pressure at the plasma treater 
units is kept high (here 2 – 5 x 10-2 mbar), thus decreasing the mean free path. Due 
to proprietary knowledge, the deposition process (e.g. exact machine parameters 
and set points) as well as the precise details of the plasma treatment cannot be 
described in further detail.  
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Table 5-1: Main components of vacuum web coater shown in Figure 5-3 
 Component Description/function 
1 Unwind For uncoated  film 
2 Plasma pre-treater  
3 Evaporation chamber  
4 
Aluminium spool and 
wire feeder 
Coating material 
5 Source Resistively heated evaporation boats 
6 Shutter Between source and coating drum 
7 Coating drum Cooled to ensure low thermal stress on the film 
8 Optical beam 
Monitors optical density/light transmission (a 
measure for coating thickness) 
9 Winding mechanism  
10 Plasma post-treater  
11 Rewind For winding up coated film 
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5.2 Flame and atmospheric plasma treatment 
Atmospheric plasma and flame treatments were performed off-line by Enercon 
Industries Corp. (Menomonee Falls, Wisconsin, USA), using their flame treater with 
PowerFlame technology (see Figure 5-4) and atmospheric plasma treater with 
Plasma4 technology (see Figure 5-5). The aim of this investigation was to increase 
the oxygen content incorporated into the BOPP film surface and yield higher levels 
than normally obtained for corona treated BOPP film. 
 
  
Figure 5-4: Enercon Industries flame treater (left) and flame ‘plasma’ (right) 
[source: Enercon Industries] 
Three sets of pre-treatment trials were carried out using BOPP B (for more 
information on substrate material refer to Section 5.5), which had already been 
corona treated after extrusion at the film manufacturer’s site. Firstly, three different 
flame treatment intensities, secondly, three different atmospheric plasma treatment 
levels and finally, a combination (‘Plasma Synergy’) of both (plasma on top of flame) 
were accomplished, thus resulting in nine different pre-treatment variations.  
 
  
Figure 5-5: Enercon Industries atmospheric plasma treater (left) and plasma discharge (right) 
[source: Enercon Industries] 
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The flame treatment was carried out by the combustion of an air/natural gas mixture 
with an air/gas mixing ratio of 10:1. Whilst the treatment intensity was varied by 
changing the web speed, the air flow was 1200 l/min at a burner to film gap of 7 mm 
with the film being cooled from the reverse side via a chill roll. The atmospheric 
plasma treatment uses a dielectric barrier discharge ignited between two ceramic 
electrodes. For the atmospheric plasma treatment, an argon/oxygen (80/20) gas 
mixture was used and all trials were carried out at the same web speed via changing 
the power coupled into the plasma. The flame treater can process widths up to 
1500 mm, whilst the atmospheric plasma treater is limited to a treatment width of 
1200 mm. Due to proprietary knowledge, no more information could be shared by 
Enercon Industries. The main parameters of the nine treatment trials are 
summarised in Table 5-2. 
A4 sheets of BOPP B, subjected to the flame, plasma and combined flame/plasma 
treatment, were mounted onto a PET carrier web and coated with AlOₓ barrier layers 
at Bobst (see description of coating system in Section 5.1), using additional in-line 
plasma pre-treatment. Moreover, A4 reference samples of BOPP C and PET (refer 
to Chapter 5.5 for information on film substrates) were also coated in the same run 
in order to evaluate whether the coating of the A4 sheets is a representative 
technique for the AlOₓ coating process of film rolls.  
 
Table 5-2: Treatment parameters for flame and atmospheric plasma treatment of BOPP B 
Treatment 
Intensity 
level 
Flame 
Atmospheric 
plasma 
Web 
speed 
Energy 
density 
Web 
speed 
Energy 
density 
m/min kJ/m² m/min kJ/m² 
Flame 
(PowerFlame) 
1 137 22.6 - - 
2 122 25.8 - - 
3 107 29.0 - - 
Atmospheric 
Plasma (Plasma4) 
1 - - 38 1.3 
2 - - 38 2.6 
3 - - 38 3.9 
Flame + plasma 
(Plasma Synergy) 
1 137 23 38 1.3 
2 122 26 38 2.6 
3 107 29 38 3.9 
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5.3 Acrylate deposition 
Acrylate deposition was carried out utilising a coating system designed and licensed 
by Sigma Technologies International Inc. (Tucson, Arizona, USA). This system has 
been fitted to the research roll-to-roll coater (manufactured by Aerre/Arcotronics, 
Italy) of the University of Oxford, Department of Materials (Oxford, UK). This coater 
has a single chilled drum with 600 mm diameter and can handle webs of a width of 
350 mm with speeds adjustable up to 300 m/min. In addition to the acrylate 
deposition, the coater has further coating and treatment capabilities with a planar 
dual magnetron sputtering source, an evaporation source with resistively heated 
boats and a radio frequency plasma treater, which have not been used in this 
project. Photos of the outside and inside of the Oxford roll coater are shown in 
Figure 5-6 and Figure 5-7. 
 
 
Figure 5-6: Oxford roll coater; left: vacuum chamber closed, acrylate evaporator visible; right: 
vacuum chamber open, showing winding mechanism and coating drum 
[source: Oxford Materials] 
The acrylate deposition is achieved via flash evaporation of a monomer liquid in 
vacuum. These monomers condense as a liquid film on the substrate surface and 
are subsequently cured by UV light or electron beam radiation in order to obtain a 
cross-linked layer. In contrast to conventional vacuum deposition processes, such 
as sputtering or evaporation, where the growing coating in general shows a 
tendency to reproduce the substrate topography (and may even increases its 
roughness), the condensing monomer film covers and conceals the surface 
characteristics of the substrate, before it is cured and cross-linked to form a solid 
film in a second step. Thus, it is possible to achieve a smoothing/planarisation 
effect. [170] 
For this polymer deposition process, the liquid monomer chosen for the acrylate 
coating is initially degassed and stirred, whilst atmospheric gases are removed from 
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the liquid with a vacuum pump. After this first step, the liquid is introduced into a 
very hot enclosure (evaporator) via a spray nozzle thus forming a mist of micro 
droplets that instantly vaporise (flash evaporation). From this evaporator, the 
monomer gas is transported through a narrow slit into the coating chamber and 
deposits as a liquid film on the moving substrate. Once the monomers have 
condensed as a liquid film, they are cross-linked to a polymer film via irradiation with 
UV light or an electron beam. [171] 
The acrylate deposition system of the Oxford roll coater is equipped with an electron 
beam for curing, see Figure 5-7. 
 
 
Figure 5-7: Inside view of Oxford roll coater showing acrylate deposition system, evaporation 
source and sputtering source [source: Oxford Materials] 
Further possible deposition techniques for polymer layers from monomers include 
amongst others, spin coating [172], CVD processes [173], coating via an extrusion 
head [171, 174] or via a wire-bar [175], usually followed by a polymerisation/ cross-
linking step.  
In this investigation, acrylate coatings were used as polymer topcoats in order to 
protect the thin AlOₓ barrier layer and polymer undercoats, applied to the plain 
polymer film prior to AlOₓ deposition, to smoothen/planarise the polymer film 
surface. The plain BOPP films coated with an undercoat were later coated with an 
AlOₓ barrier layer at Bobst (see description of coating system in Section 5.1), via 
mounting them with Kapton tape to a PET carrier web. AlOₓ coated film samples for 
acrylate topcoats were taken from previous trials conducted at Bobst. Therefore, 
acrylate deposition took place as an off-line process, with the samples being 
exposed to environmental conditions before and after AlOₓ coating. Tripropylene 
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glycol diacrylate (TPGDA, technical grade, produced by Sigma-Aldrich) was chosen 
as a monomer and acrylate coatings of two thicknesses (approximately 1 and 5 µm) 
were deposited onto AlOₓ coated and plain film samples of BOPP A, B and C (for 
more information on substrate films see Section 5.5). The coating was conducted on 
A4 samples that were mounted with Kapton tape to the coating drum of the Oxford 
roll-to-roll coater. In addition to the A4 samples, silicon wafers were coated as 
control samples to measure the actual acrylate thickness.  
Due to problems with the pump at the degassing chamber, the monomer liquid could 
not be degassed for the trials conducted. Prior to acrylate coating, the chamber was 
pumped to a base pressure of 3.5 to 4 x 10-2 Pa. Coating took place at a web speed 
of 50 m/min, which is equivalent to a drum rotation of approximately 26.5 revolutions 
per minute, with a drum temperature of 17 to 18 °C. Based on previous trials 
conducted by the team at Oxford with TPGDA, volumes of 1.1 and 4.6 ml of 
monomer liquid were chosen for the aimed acrylate thicknesses of 1 and 5 µm, 
respectively, and the monomer liquid was introduced into the evaporator (approx. 
270 °C) at a rate of 0.5 ml/min using a syringe. Thus, acrylate deposition took place 
in multiple passes (samples mounted onto rotating drum), with an electron beam 
radiation for curing (400 mA, 6 kV). 
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5.4 Lamination process 
Lamination trials of AlOₓ coated BOPP were carried out on an industrial scale, using 
solvent-based and solventless adhesive lamination. 
5.4.1 Solvent-based adhesive lamination  
The solvent-based adhesive lamination was conducted on a Bobst Rotomec CL850 
laminator at Bobst Italia Spa. (formerly Rotomec Spa., San Giorgio Monferrato, 
Italy). A photo of the laminator is shown in Figure 5-8 and a schematic 
representation, which depicts the individual components of the laminator for a better 
understanding of the lamination process, is illustrated in Figure 5-9. For the solvent-
based lamination, the adhesive (mixed with solvent) is applied onto the film coming 
from unwind 1. Subsequently, the adhesive is dried in order to remove the solvent, 
the film is combined with the second web from unwind 2 at the lamination nip and, 
finally, the laminate is rewound.  
 
 
Figure 5-8: CL850 laminator at Bobst Italia 
A flexo trolley coating system (schematically illustrated and described in Figure 
5-10) was used to apply the adhesive onto the film. This technique is advantageous 
for delicate substrates, since there is a ‘kiss’ contact between rollers C and D, i.e. 
the adhesive is acting as a lubricant and there is no pressure placed onto the 
substrate. The adhesive used in this investigation was a solvent-based two-
component polyurethane adhesive (Adcote 811A-EA+Catalyst F, produced by 
Rohm and Haas) with a high initial tack. According to the datasheet, this adhesive is 
suitable for the lamination of a wide range of materials, including transparent films, 
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SiOₓ coated films and metallised films. Furthermore, the adhesive is suitable for 
sterilisable and boil-proof laminated structures. Ethyl acetate was used as the 
solvent. 
 
 
 
Figure 5-9: Schematic diagram of lamination process configuration 
In this study, AlOₓ coated BOPP C (for more information on substrate film see 
Section 5.5) was laminated against another 20 µm BOPP film. After setting up the 
laminator, the following two trial options were pursued. Firstly, the adhesive was 
coated onto the plain 20 µm BOPP film (corona treated side), in order to avoid any 
damage to the AlOₓ coating during adhesive application and drying (trial 1). 
 
 
A Rubber roller, presses adhesive into 
engraving on roller B, immersed into 
adhesive 
B Engraved roller with ceramic coating, 
control of adhesive application 
weight, immersed into adhesive 
C Rubber roller, runs at faster speed 
than D (web speed) in order to 
transfer the adhesive uniformly onto 
the web 
D Chromium plated back pressure roller 
Figure 5-10: Flexo trolley system for solvent-based adhesives 
For the second trial, the two unwind reels were swapped and the adhesive was 
applied onto the AlOₓ coating, dried and then laminated against the uncoated BOPP. 
This is the standard procedure when metallised BOPP is laminated against reverse 
printed BOPP. In order to avoid changes of the repeat length of the printed film and 
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5  E X P E R I M E N T A L  D E T A I L S   P a g e  | 63 
 
in order to keep the content of residual solvents low, the preference is to apply the 
adhesive onto the metallised BOPP. If the adhesive was applied onto the printed 
BOPP, more intense drying (which may affect the print repeat length) would be 
required, since the ink absorbs solvent and retains it. The solvent retention within 
the laminate needs to be kept low, in order to prevent any off-flavour during final 
packing application and spoilage of the packaged foodstuffs. More information on 
the parameters and settings used for the lamination trials can be found in Table 5-3. 
 
Table 5-3: Conducted lamination trials (solvent-based adhesive lamination) 
Trial 
Application 
weight 
Web 
speed 
Drying tunnel 
temperatures Lamination 
nip 
temperature Zone 1 Zone 2 Zone 3 
g/m² m/min °C °C °C °C 
1: Adhesive 
onto BOPP 
2.9 150 70 80 90 45 
2: Adhesive 
onto AlOₓ 
3.1 150 70 80 90 45 
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5.4.2 Solventless adhesive lamination  
In addition to solvent-based adhesive lamination, which has some drawbacks, such 
as the pollution and danger due to solvent use, the drying of the adhesive required 
prior to lamination in order to remove the solvent and the retention of solvent in the 
laminate to some degree, solventless adhesive lamination was also carried out. 
These trials were conducted with AlOₓ coated BOPP B, which was laminated 
against uncoated BOPP B (for more information on substrate film see Section 5.5). 
The lamination of the AlOₓ coated film was performed at one of the project partner’s 
customers, who do not want to be named. Therefore, machine make and model 
cannot be disclosed in this thesis. Two adhesives were selected; a higher solids fast 
curing adhesive to minimise any problems with out-gassing due to the barrier 
properties of the film (Novacote SF-783-A + CA-379) and, in addition to that, a 
standard solventless adhesive (Novacote SF-3277/3 + CA-3278/7, both produced 
by Coim Novacote Flexpack). Both adhesives are solvent-free two-component 
polyurethane adhesives and are suitable for a comparable application range as the 
solvent-based adhesive described in Section 5.4.1. The lamination process 
configuration is similar to that shown in Figure 5-9, apart from the drying tunnel 
being at ambient temperature and a heated roller of 60 °C (high performance 
adhesive)/45 °C – 50 °C (standard adhesive) following the lamination nip in order to 
initiate the link between the catalyst and the resin. Furthermore, the adhesive is 
applied onto the polymer film via flat/smooth roller transfer application, which is 
schematically depicted in Figure 5-11. Here, several rollers are heated in order to 
decrease the viscosity of the solvent-free adhesive. 
 
 
A,B Metering rollers, gap between A and 
B for rough metering of adhesive, 
chromium plated steel, roller A 
stationary, both heated 
C Rubber transfer roller, sized to 
coated web width, movable to control 
adhesive thickness 
D Coating roller, chromium plated steel, 
heated 
E Rubber counter impression roller 
Figure 5-11: Flat/smooth roller transfer application system for solventless adhesives 
With adhesive 1 (high performance adhesive), two trials were performed, similarly to 
the trials conducted with the solvent-based adhesive. Initially, the adhesive was 
applied onto the uncoated BOPP film, which was then laminated against the AlOₓ 
Adhesive 
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coated BOPP. After that, the reels were swapped and the adhesive was applied 
onto the AlOₓ layer itself. Regarding adhesive 2 (standard adhesive), only one trial 
was performed, whereby the adhesive was coated onto the plain BOPP film. More 
information on the lamination parameters is summarised in Table 5-4. The 
temperature of the coating roller D and the metering rollers A and B was slightly 
higher for adhesive 1, compared to adhesive 2. This is due to the higher solids 
content and consequently higher viscosity of adhesive 1. 
 
Table 5-4: Conducted lamination trials (solventless adhesive lamination) 
Adhesive Trial 
Application 
weight 
Web 
speed 
Temperature 
Metering 
rollers 
Coating 
roller 
Lamination 
nip 
g/m² m/min °C °C °C 
High 
performance 
1: Adhesive 
onto BOPP 
2.1 120 50 50 50 
High 
performance 
2: Adhesive 
onto AlOₓ 
2.1 120 50 50 50 
Standard 
Adhesive 
 onto BOPP 
2.5 130 40 45 45 
 
After the lamination process, the laminated film rolls were stored in a hot room at 
40 °C for one week in order to accelerate the curing process and to obtain the bond 
strength required. 
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5.5 Substrate films 
Various standard packaging (metallising) grade BOPP films and a PET base film (all 
corona treated in-house by the film manufacturer), as well as a BOPP film 
coextruded with a special high surface energy polymer as a skin layer (produced by 
Brückner Maschinenbau GmbH & Co. KG, Siegsdorf, Germany), were coated with 
an AlOₓ barrier layer. The coatings were applied to the corona treated side of each 
film and the high surface energy polymer skin layer, respectively. All standard 
packaging grade BOPP films used consist of a three-layer coextruded structure with 
a homopolymer core and either co- or terpolymer skin layers, containing antiblock 
additives, on each side (as described in Chapter 4.1.2). In contrast to the standard 
packaging grade BOPP films, the BOPP film with the special polymer skin layer 
consists of a five-layer coextruded structure, with no antiblock particles added to the 
high surface energy polymer skin layer. The PET film coated as a reference material 
is a monolayer film, with antiblock particles dispersed throughout the single layer. 
Furthermore, all films contain a variety of additives to stabilise the polymer film and 
guarantee optimised film handling and end-use properties. Exact film compositions 
are, however, commercially sensitive information not made available by the 
individual film producers. As no manufactures should be named here, the BOPP 
films have been coded as stated in Table 5-5. Furthermore, this table contains 
information on the film thickness and structure. 
 
Table 5-5: BOPP and PET substrate films used for AlOₓ coating 
Film 
type 
Thickness 
µm 
Structure Additional information 
BOPP A 30 3 layers Corona treated one side 
BOPP B 15 3 layers Corona treated one side 
BOPP C 20 3 layers Corona treated one side 
BOPP D 20 3 layers Corona treated one side 
BOPP E 22 3 layers 
Corona treated one side,  
heat shrinkable BOPP 
BOPP F 18 5 layers 
High surface energy  
polymer skin layer 
PET 12 1 layer Corona treated one side 
 
In the further progression of the project, a biodegradable polylactic acid (PLA) film 
was also coated in order to produce an environmentally friendly transparent barrier 
film. This film was Nativia NBSS20 produced by Taghleef Industries, which is a 
three-layer coextruded BOPLA (biaxially oriented PLA) film for metallising, with one 
side corona treated.  
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5.6 Analysis 
5.6.1 Barrier properties (permeation measurements) 
5.6.1.1 Oxygen transmission rate 
The oxygen transmission rate (OTR) was measured in compliance with ASTM 
F1927 [176]. The basic principle is to measure the quantity of oxygen passing 
through a film test sample (with a given area) in a certain period of time and under 
specific conditions (23 °C, 50 % RH). The resulting values are then indicated in 
terms of cm3/(m2 d).  
Therefore, the sample is mounted between the two halves of a test cell, as shown in 
Figure 5-12. Whilst the upper half of the test cell is continuously flushed with oxygen 
humidified to 50 % RH), nitrogen (also humidified to 50 % RH) is routed through the 
lower half of the test cell, picks up the oxygen that permeates through the test 
sample from the upper to the lower half and carries it to the electrochemical 
detector. In order to ensure that no oxygen originates from contamination of the 
nitrogen carrier gas, the nitrogen is either routed through an oxygen trap prior to 
entering the test cell (Systech 8001) or a gas mixture consisting of nitrogen and 3 % 
hydrogen is used, which passes through a catalyst (before being admitted to the test 
cell). Therefore, any residues of oxygen that happen to be in the carrier gas react 
with the hydrogen by forming water (Mocon Oxtran).  
 
 
Figure 5-12: Schematic illustration of measurement principle for oxygen transmission rate 
The electrochemical detector consists of two electrodes, a graphite-cathode and a 
cadmium-anode, amongst which a redox reaction takes place: 
Graphite-cathode:  O2 + 2 H2O + 4 e
-    4 OH- 
Cadmium-anode:  2 Cd + 4 OH-    2 Cd(OH)2 + 4 e
- 
Humidification 
Humidification Detector 
O2 
N2 
Sample 
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One molecule of oxygen generates four electrons and thus a corresponding 
electrical current. Hence, the measured current is directly proportional to the amount 
of oxygen passing through the sensor. 
For OTR (as well as for WVTR, see Section 5.6.1.2) measurements, the tests are 
stopped when permeation equilibrium (i.e. a constant transmission rate) is reached.  
A Mocon Oxtran 2/20 and a Systech Illinois 8001 oxygen permeation analyser were 
used to determine the OTR.  
The Systech Illinois 8001 permeation analyser exhibits a measurement range of 
0.008 to 432000 cm³/(m² d) at a 50 cm² test area, whilst the Mocon Oxtran 2/20 has 
a test range of 0.005 to 200 cm³/(m² d) (50 cm² test area) at a resolution of 
0.001 cm³/(m² d) and with a repeatability of ± 1 % or ± 0.005 cm³/(m² d) (whichever 
is greater). No further system specifications are given for the Systech Illinois 8001 
model by the manufacturer. 
  
5  E X P E R I M E N T A L  D E T A I L S   P a g e  | 69 
 
5.6.1.2 Water vapour transmission rate 
Determination of water vapour transmission rate (WVTR) was performed according 
to ASTM F1249 [177] and ISO 15106-3 [178]. Similarly to the previously described 
method, the amount of water vapour passing through a film test sample (with a 
given area) in a certain period of time and at a given temperature (37.8 °C) and RH 
gradient is determined. The measurement results are expressed in terms of g/(m2 d) 
and are calculated for a 90 % RH gradient (correction for deviation from 90 % test 
RH assuming a linear correlation between WVTR and RH).  
The film sample is mounted as shown for OTR determination in Figure 5-12. 
However, for this test nitrogen is admitted to both halves of the test cell. The RH in 
the upper half of the test cell is adjusted to a certain value via humidification, whilst 
dry nitrogen is admitted to the lower half, i.e. the nitrogen passes through a 
desiccant, instead of the humidification shown in Figure 5-12, before entering the 
test cell. Any water vapour permeating through the tested sample from the upper to 
the lower half is picked up by the dry nitrogen and is routed to the detector. In the 
case of the Mocon Permatran-W 3/33, this is a pressure-modulated infrared detector 
(ASTM F1249), which measures the amount of infrared energy absorbed by the 
water in the carrier gas nitrogen and produces an electrical signal proportional to the 
concentration of water. This signal is then compared to the signal obtained for a 
reference film of known WVTR in order to calculate the WVTR of the test sample. 
The Systech 7001 detector cell is a phosphorus pentoxide sensor (ISO 15106-3). It 
consists of a quartz tube with two platinum electrodes wound around it. These 
windings are coated with a thin layer of phosphorus pentoxide, which absorbs all 
water present in the carrier gas. The constant DC voltage applied between the two 
electrodes causes an electrolytic decomposition of water into oxygen and hydrogen 
and the electric current required for electrolysis is a direct measure of the amount of 
water present in the gas stream. 
During all WVTR measurements of coated films (Al and AlOₓ), the coating faces the 
0 % RH side in order to avoid damage of the barrier layer due to exposure to high 
RH and extensive oxidation.  
The Systech Illinois 7001 offers a test range of 0.002 to 18 g/(m² d) for a 50 cm² test 
area (no further details provided by manufacturer), whilst the Mocon Permatran-W 
3/33 has a test range of 0.005 to 10 g/(m² d) (50 cm² test area, 10 sccm carrier gas 
flow) at a resolution of 0.0001 g/(m² d) and with a repeatability of ± 0.5 % (1 – 
10 g/(m² d)), ± 1.0 % (0.1 – 1 g/(m² d)) and ± 2.0 % (0.005 – 0.1 g/(m² d)).  
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5.6.2 Surface topography and roughness 
5.6.2.1 Differential interference contrast optical microscopy 
Differential interference contrast (DIC) optical microscopy represents a special 
illumination technique for optical light microscopy, which enables the production of 
images that give a three-dimensional impression of the specimen surface. This 
technique makes use of differences in the optical path length across the sample 
surface. In the case of reflected light DIC, differences in path length are generated 
by the surface topography (raised/lowered areas) of the specimen. These optical 
path gradients are then transformed in to image contrast. 
The basic principle is the use of an illumination source that is split into two 
perpendicular polarised light beams by a DIC prism (Wollaston or Nomarski prism). 
The two beams are focussed by the objective, displaced/sheared at the sample 
plane and, hence, are reflected by two points on the sample surface that are lying 
closely spaced to one another (displacement is slightly less than the resolution of 
the objective lens). Afterwards, the reflected light beams pass through the objective 
lens and are then recombined in the same DIC prism, which leads to their 
interference at the analyser. If the two light beams were reflected by points located 
at different surface heights (i.e. not the same flat surface region), they exhibit a 
difference in phase/path length. This phase difference induces the edges of an 
object to appear either brighter or darker in the image (compared to their 
surroundings), which leads to the generation of image contrast and a deceptive 
three-dimensional appearance. 
More information on DIC light microscopy can be found in references [179, 180]. 
Differential interference contrast microscopy images in this thesis were obtained 
using a Zeiss Axio Imager.M2m optical microscope in reflected light DIC mode. 
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5.6.2.2 Scanning electron microscopy 
Scanning electron microscopy (SEM) enables the imaging of surfaces beyond the 
resolution of light microscopy, based on the use of an electron beam to examine the 
sample surface. Consequently, magnifications up to 300000 x are possible [181].  
During SEM analysis, a focussed electron beam spot is raster scanned across the 
sample surface and the interactions of the primary electrons with the atoms present 
in the specimen surface are examined. When the electrons enter the sample 
surface, they induce a variety of interactions, which result in the production and 
emission of secondary electrons, backscattered electrons, Auger electrons and X-
ray photons. The emission of X-rays can be used to obtain compositional 
information via an energy dispersive X-ray detector or a wavelength dispersive X-ray 
detector. However, as the primary electrons can penetrate relatively deep into the 
sample and cause X-ray emission, the chemical composition obtained represents 
quite a large volume of the sample (typical analytical depth of several microns) and 
energy/wavelength dispersive X-ray analysis is not as surface sensitive as X-ray 
photoelectron spectroscopy (see Chapter 5.6.3.2). Secondary and backscattered 
electrons can be used to obtain surface images, since they reveal topographical 
information. When the surface topography is imaged, electrons emitted from the 
sample surface are collected by an appropriate detector, whilst the electron beam is 
scanned across the sample surface. Whereas secondary electrons are emitted from 
the first few nanometres of the sample surface due to inelastic scattering of the 
primary electrons, backscattered electrons are primary electrons scattered 
elastically by the nucleus of an atom. Due to this interaction, SEM topographical 
images based on backscattered electrons also contain compositional information 
(i.e. an element with a higher atomic number will appear brighter). Conventionally, 
electrons with an energy larger than 50 eV are regarded as backscattered electrons, 
whilst those with an energy of less than 50 eV are counted as secondary electrons. 
In general, secondary electrons are used to acquire surface topographical images. 
The contrast in an SEM topography image (via secondary electron detector) is 
generated by the number of secondary electrons produced by each point of the 
specimen surface. This amount depends on the orientation of the sample 
topography relative to the electron beam and detector, as well as the angle between 
sample surface and incident electron beam. With decreasing glancing angle, the 
yield in secondary electrons increases and, consequently, changes in the surface 
slope result in changes of the secondary electron intensity. 
For more information on the working principle and instrumentation of SEM, the 
reader is referred to references [181, 182]. 
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For the SEM investigation of the uncoated and AlOₓ coated polymer films, a Zeiss 
Supra 40VP field emission gun scanning electron microscope was utilised and 
samples were examined in high vacuum without applying any conductive layer to 
avoid masking surface detail. In order to minimise sample charging, a low 
acceleration voltage of 0.4/0.5 kV was used.   
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5.6.2.3 Atomic force microscopy 
Atomic force microscopy (AFM) uses a small sharp tip or colloid probe (depending 
on application) mounted to a cantilever spring (material usually silicon, length 
typically 100 to 200 µm [183], spring constant 0.01 to 50 N/m [184]) to scan the 
sample surface and, thus, give true topographical (height) information. The force 
interacting between the tip and the specimen causes a deflection of the cantilever 
according to Hooke’s law. In general, this deflection is determined optically, i.e. a 
laser beam is focussed onto the end of the cantilever, and the reflected beam is 
detected by a photodiode array (segmented photodiode), see Figure 5-13. During 
raster scanning, the cantilever or the sample is moved by a piezoelectric translator, 
and, consequently, the surface area of interest is examined. [183, 185] 
 
  
Figure 5-13: Basic operating principle of atomic force microscopy 
For analysing the surface topography, AFM can be operated in different modes. In 
contact mode AFM, the sample and the tip are in permanent mechanical contact 
during scanning the surface. However, this mode is not suitable for all materials, as 
soft and delicate specimens may be damaged or deformed and, additionally, tip 
contamination is more likely. Therefore, during dynamic mode AFM, the cantilever 
oscillates (usually around its resonant frequency) and its tip can either be in contact 
with the sample at the turning point of oscillation (called tapping mode or 
intermittent-contact mode) or not (referred to as non-contact mode). Interaction in 
non-contact mode takes place via Van der Waals forces. [59, 186, 187] 
The acquired AFM surface data is evaluated using the following specific parameters 
[188]: 
Photodiode 
array 
Tip 
Scan table 
Sample surface 
y 
z 
x 
Cantilever 
Laser 
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 Roughness average (Ra) value, which is defined as the arithmetic mean of the 
height variation: 
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 (5-1) 
 Root mean square (RMS or Rq) value, which describes the standard deviation 
of the height (z-value): 
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Where: 
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(The mean height  ̅ represents the average z-value of the topography scan.) 
  (     ) height (z-value) for the coordinates    and    of the scanned area 
    number of points per line (in the scan/area of interest) 
    number of lines (in the scan/area of interest), usually     
       number of points per scan (or area of interest) 
The RMS value and Ra value are the most common parameters to describe surface 
roughness. Furthermore, the RMS value measured by AFM has been proven to be a 
valid and reliable parameter to characterise nano-scale roughness on polymer 
surfaces [189].  
A WiTec alpha500 and a Veeco DI CP II atomic force microscope in pulsed force 
mode (a specific intermittent-contact mode) and tapping mode, respectively, were 
used to acquire roughness data and topography images. The results delivered for 
the same samples by the two different atomic force microscopes and imaging 
modes were in good agreement. All images were corrected by first order line-wise 
levelling. Root mean square and roughness average values were calculated from 
5 x 5 µm2 size scans. Therefore, several scans were performed on different sample 
areas that did not exhibit antiblock particles in order to obtain a mean value and the 
standard deviation. 
For the pulsed force mode, silicon cantilever probes with a nominal cantilever spring 
constant of 2.8 N/m, a resonance frequency of about 75 kHz and a tip radius of 
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curvature of less than 10 nm were applied. The images were acquired using a scan 
rate of 0.5 lines per second. For the measurements carried out in tapping mode, the 
silicon cantilevers had a nominal spring constant of 40 N/m, a resonant frequency of 
300 kHz and a tip radius of curvature < 12 nm. The scan rate was varied between 1 
and 1.5 lines per second. All AFM images are composed of 512 lines with 512 
points per line. 
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5.6.3 Analysis of surface chemistry and chemical composition 
5.6.3.1 Surface energy determination via contact angle measurement 
Contact angle analysis and surface energy determination can be regarded as 
techniques to assess the surface chemistry in an indirect way. 
On applying the sessile drop method, a droplet of the probe liquid (with known liquid 
surface energy) is placed onto the surface of the material, thus forming a three 
phase system, i.e. solid, liquid and vapour. Contact angle determination is then 
achieved via establishing the tangent at the point where all three phases meet, as 
shown in Figure 5-14. 
 
Figure 5-14: Liquid droplet on solid surface in equilibrium 
The equation that describes the thermodynamic equilibrium of the three phases 
(solid, liquid, vapour) is the so-called Young-equation (influence of vapour phase 
neglected for the following calculations, thus resulting in a simplified Young-
equation): 
 
                   (Young-equation) 
(5-4) 
Where:    surface energy of liquid phase [
  
 ⁄ ] 
     surface energy of solid phase [
  
 ⁄ ] 
      interfacial energy between solid and liquid [
  
 ⁄ ] 
    contact angle between solid and liquid droplet  
This equation consists of two measurable/known quantities (Θ and γl) and two 
unknown quantities (γs and γsl). Consequently, to determine the solid surface 
energy, γs, an additional equation is needed.  
Many concepts have been developed to solve the Young equation, including an 
empirical method by Zisman et al. [190] and further important approaches by 
Girifalco and Good [191], Fowkes [192], Owens and Wendt [193], Kaelble [194], 
Neumann et al. (equation of state) [195, 196], Wu [197, 198] and Van Oss et al. 
[199, 200]. The concept used in this thesis is the so-called Owens-Wendt-Rabel-
Vapour 
Solid 
Liquid 
Θ 
γl 
γsl 
γs 
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Kaelble method [193, 194, 201], which is one of the most common techniques 
applied to assess the surface energy of polymeric materials [202] (this reference 
also gives a good overview of the various concepts developed to determine the 
surface energy of solids). 
The Owens-Wendt-Rabel-Kaelble method can be seen as an extension of Fowkes’ 
approach, who postulated that the surface energy consists of two components, the 
dispersive surface energy component, γd, (representing Van der Waals dispersion 
forces) and the non-dispersive ‘polar’ surface energy component, γp (representing 
dipole-dipole interaction, hydrogen bonds etc.): 
 
          (5-5) 
According to the Owens-Wendt-Kaelble approach, the interfacial energy is given by 
the following equation, whereby the geometric mean is used to take the ‘polar-polar’ 
and ‘dispersive-dispersive’ interactions between solid and liquid phase into account: 
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Combining (5-6) with the Young-equation (5-4) results in: 
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Linear regression (according to Rabel [201]) to y = m · x + t yields: 
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(5-8) 
The only unknown quantities in Equation (5-8) are the polar and dispersive surface 
energy of the solid phase, here polymer or AlOₓ layer, γs
p and γs
d. Different test 
liquids with known polar and dispersive surface energies are applied, and their 
contact angle on the specimen to be tested is measured. From these values x and y 
are determined by linear regression via slope, m, and y-intercept, t. 
In this study, the contact angles of the three test liquids shown in Table 5-6 were 
assessed. At least five drops of a few µl per fluid (on different surface areas) were 
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measured for an average value of the contact angle. For the calculation of the 
surface energies, the liquid surface energies as stated in reference [203] were used 
(see also Table 5-6). These values have been recommended by the manufacturer of 
the measurement equipment. It is important to mention here that the surface energy 
values reported for diiodomethane in literature vary. Whilst in this thesis 
diiodomethane is regarded as a completely nonpolar fluid (γp = 0 mN/m), other 
researchers state polar surface energy parts not equal to zero, e.g. γp = 1.3 mN/m 
[193], γp = 2.3 mN/m [194] or γp = 6.7 mN/m [198]. The effect of using a polar part 
different from 0 mN/m, as well as the surface energy results following the calculation 
method according to Wu [198] (harmonic mean instead of geometric mean), are 
presented in Appendix A1. 
 
Table 5-6: Test liquids for contact angle measurement [203] 
Test liquid 
γ = γ
d
 + γ
p
 γ
d
 γ
p
 
mN/m mN/m mN/m 
Water 72.8 21.8 51 
Diiodomethane 50.8 50.8 0 
Ethylene glycol 47.7 30.9 16.8 
 
Further details on the theoretical background of contact angle measurement and 
surface energy determination can be found in references [202, 204, 205]. 
Contact angles were measured with a Krüss MobileDrop system and DSAII 
software. When curve fitting and measurement of contact angles was not possible 
with the Krüss system, the acquired images were analysed using a drop shape 
analysis plugin for ImageJ [206].  
Additionally, dyne inks/pens conformal to ASTM D2578 [207] were used to assess 
the surface energy of some polymer films. The dyne fluids consist of a dye and 
different mixing ratios of solvents in order to obtain different surface energies. When 
using the dyne pens (or cotton wool for dyne inks), a continuous line is drawn on the 
surface to be investigated and the fluid’s wetting property is visually examined. To 
start with, a test ink of medium surface energy (e.g. 38 mN/m) is applied. If the liquid 
film stays as a full line and does not contract within 2 s, the surface energy of the 
tested material is identical to or higher than the surface energy of the test fluid. 
Consequently, the test is repeated with a higher surface energy liquid. If the line of 
the test ink changes and forms small droplets within less than 2 s, the surface 
energy of the specimen is lower than the surface energy of the test liquid used. In 
this case, the next applied test liquid has a lower surface energy. By performing the 
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described procedure, the range of the surface energy for the examined sample can 
be reduced step by step. 
In general, it is important to know that different techniques, i.e. contact angle 
measurement or wettability method (dyne inks), as well as different calculation 
approaches, the angles used for calculation (static, advancing or receding angle) or 
the use of different liquids, will entail different results and, consequently, care must 
be taken when making comparisons [208]. This is also further discussed in the 
Appendix A1. 
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5.6.3.2 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 
chemical analysis (ESCA), is a qualitative and quantitative surface analysis 
technique that allows the acquisition of the elemental composition (detection of all 
elements apart from hydrogen) of the specimen examined, as well as the atomic 
binding states of the elements present. Analysis is possible between a probing 
depth of 1 nm and up to approximately 10 nm and with a detection limit around 
0.2 atomic% (at%; limit depending on the respective element) [209].  
The XPS technology is based on the principle of photoemission. Therefore, the 
specimen to be analysed is irradiated with X-rays of a defined energy, h·ν. If this 
energy is higher than the binding energy, Eb, of the core electrons (of the atoms 
present at the sample surface), these electrons are removed and emitted as so-
called photoelectrons. The kinetic energy, Ek, of one photoelectron is given by 
Equation (5-9): 
 
             (5-9) 
Where:    kinetic energy of electron [  ] 
     binding energy of electron [  ] 
    Planck’s constant:                      
    frequency of X-rays [  ] 
    spectrometer work function [  ] 
The kinetic energies of the ejected photoelectrons are measured and used to 
calculate the binding energy, which is the only unknown quantity in Equation (5-9). 
Binding energies are specific for each chemical element and, consequently, they 
can be used to identify the elements present at the surface of the sample examined 
and quantify their atomic fractions by counting the respective photoelectrons. In 
addition to photoemission, a second effect inevitably takes place, as the created 
core hole needs to be filled by another electron of the outer shell. Due to 
conservation of energy, this process results in the emission of an X-ray photon (X-
ray fluorescence) or of another electron (Auger emission). 
XPS only allows the detection of photoelectrons that derive from a depth < 10 nm, 
since the mean free path within the sample is very low. Thus, this technique shows 
an extremely high surface sensitivity. A way of varying the analytical depth is given 
by changing the electron take-off angle (~0° to 90°, maximum depth of up to 10 nm 
at 90°). In order to prevent scattering of the photoelectrons by gas molecules (after 
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leaving the sample surface), XPS analysis is conducted in ultrahigh vacuum (10-6 to 
10-8 Pa). 
XPS analysis does not only allow the quantification of the atomic fractions of the 
elements present, but also gives information about their chemical state/environment. 
This second effect is due to the fact that a chemical bond to another element 
changes the core electron binding energy (thus the measured kinetic energy) as a 
function of the binding partner’s electronegativity. This change results in a chemical 
shift (up to a few eV) of the binding energy and, consequently, one or more 
shoulders (or side peaks) can be formed in the XPS spectrum next to the main peak 
of the element investigated. A chemical shift can be seen as the shift of binding 
energy relative to the pure/unfunctionalised element and the different states can be 
assessed via peak fitting in high-resolution XPS spectra. 
For more detail on XPS analysis, the reader is directed to references [210, 211]. 
XPS measurements were performed using a Thermo Scientific Theta Probe small 
spot XPS instrument, equipped with a monochromatic Al Kα X-ray source, at an 
electron take-off angle of 37° with respect to the sample surface (analytical depth of 
5 to 6 nm). The sampled area is an elliptical spot with a transverse diameter of 
800 µm. As the samples were of an insulating nature, argon was bled into the 
chamber during analysis in order to compensate for any charging effects occurring. 
Furthermore, all binding energies were referenced to the carbon 1s peak at 285 eV. 
The survey and high-resolution spectra were acquired using pass energies of 
300 eV and 50 eV, respectively. Peak fitting and quantification of atomic fractions 
were accomplished via Thermo Advantage 4.8.3 software using a Gaussian (70 %) 
– Lorentzian (30 %) product function and sensitivity factors according to Scofield 
[212], respectively. 
For the depth profiling and etching of AlOₓ coated polymer films, an argon ion beam 
at a 3 kV acceleration voltage and 1 µA current was used and samples were etched 
for 60 s per iteration, followed by a 20 s break before the composition was 
determined. An area of approximately 3 x 3 mm² (larger than analysed area) was 
etched for this investigation. 
The XPS analysis was carried out at the University of Surrey, Department of 
Mechanical Engineering Sciences (Guildford, United Kingdom). The author did not 
operate the XPS equipment, but did analyse the raw data acquired. 
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5.6.3.3 Static secondary ion mass spectrometry 
Static secondary ion mass spectrometry (SSIMS or static SIMS) is a further 
technique for the analysis of the chemical composition of surfaces with a very high 
surface sensitivity at a probing depth of approximately 1 nm [213, 214]. 
During static SIMS, which is conducted in ultrahigh vacuum, the sample surface 
investigated is bombarded with energetic primary particles (usually positively 
charged ions), which interact with the sample and lead to the ejection of atoms and 
molecules from its surface. In static SIMS, the flux of primary particles is below a 
certain threshold value and, hence, the likelihood of the sample being sputtered is 
low, i.e. the sample surface remains mainly intact during the analysis. If the emitted 
secondary particles carry a positive or negative charge (i.e. they are secondary 
ions), they can be detected. Consequently, they are separated according to their 
mass to charge ratio (m/z) via a mass spectrometer. A time-of-flight (TOF) 
spectrometer accelerates all secondary ions to the same kinetic energy and, 
subsequently, separates them according to their mass in a field-free drift tube, 
based on the fact that the higher the mass, the longer the ion will take to pass 
through the tube and reach the detector. Using a TOF mass analyser offers the 
advantage that all secondary ions ejected from the sample surface can be detected 
in parallel (without scanning a mass range), since they reach the detector 
sequentially, dependent on their mass. [215, 216] 
Positive and negative TOF-SSIMS analysis was performed using a Kore Technology 
Surface Seer instrument equipped with an argon ion source and a reflectron mass 
analyser. During analysis, the samples were exposed to bombardment by pulsed 
primary argon ions (5 kV, 4 nA, 128 µs cycle time). The investigated surface area 
was 400 x 400 µm², which is equivalent to the cross-section of the ion beam used. 
Two areas were analysed per sample and data was averaged over these two 
measurements. The ion dose suffered by the samples during the five minute 
acquisition time (for a positive or negative spectrum) is approximately 
2.2 x 1012 ions/cm², which is below the static SIMS limit [217]. Charge compensation 
was carried out using a 40 eV electron flood gun. 
SSIMS analysis was performed by research staff at Innovia Films Ltd. (Wigton, 
United Kingdom). 
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5.6.3.4 Fourier transform infrared spectroscopy 
Infrared (IR) spectroscopy is based on the absorption of IR energy by specific 
chemical functionalities within a molecule and, therefore, can be used to identify and 
also quantify chemical compounds. The absorption of IR light results in the 
excitation of certain vibrational modes, which are characteristic of the chemical 
functionalities present. However, in order for a molecule (or chemical functionality) 
to be IR active, its electric dipole moment has to change during the vibrational 
motion. Several vibrational modes exist, which are either based on a change in 
chemical bond length (expansion/contraction of chemical bond, stretching 
vibrations) or bond angle (bending vibrations, e.g. rocking, deformation, wagging or 
twisting). If the frequency (i.e. wavelength) of the incoming IR radiation is equivalent 
to the characteristic frequency of a vibrational mode, then the radiation can be 
absorbed, which leads to an increase of the vibrational motion of this specific 
functionality. Depending on the experimental set up, liquid, solid or gaseous phases 
can be investigated using IR spectroscopy. The mid-IR range (4000 cm-1 to   
400 cm-1) is generally used to obtain IR spectra, since many chemical functionalities 
and molecules absorb strongly within this range. 
During Fourier transform infrared (FTIR) spectroscopy, the spectral absorption data 
is concurrently collected for a wide wavenumber/wavelength range by the use of an 
interferometer and, in order to obtain a spectrum, the raw data collected (i.e. 
interferogram) is Fourier transformed. This offers the possibility to perform several 
scans for a sample within a short period of time (since the data is measured for all 
wavelengths simultaneously and no scanning through the investigated wavelength 
range is required) and, hence, noise can easily be reduced. 
Attenuated total reflectance (ATR) spectroscopy is based on the principle of total 
internal reflectance. When a light beam travels from a medium of high refractive 
index (i.e. ATR crystal) to a medium of lower refractive index (i.e. sample) at an 
angle of incidence that is larger than a so-called critical angle (depends on the 
refractive indices of the two media), then total internal reflectance will occur. 
Nevertheless, an evanescent wave is generated at the point of total internal 
reflectance, which penetrates into the sample. The absorption of the sample alters 
the evanescent wave and, consequently, the totally reflected IR beam is attenuated, 
which is measured by the detector.  
The depth of penetration during ATR spectroscopy is wavelength dependent and is 
defined as the depth at which the intensity of the evanescent wave has fallen to 1/e, 
i.e. 37 % of its original value. This is described by Equation (5-10): 
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Where:    depth of penetration [  ] 
    wavelength [  ] 
     refractive index of ATR crystal 
     refractive index of sample 
    angle of incidence 
Additional information on FTIR and ATR FTIR spectroscopy can be consulted in 
references [218-220]. 
FTIR spectra for the investigation of the BOPP skin layer composition were recorded 
on a Perkin Elmer Spectrum GX with a Specac Golden Gate ATR accessory (angle 
of incidence 45°) and Spectrum 5.3.1 software. For each spectrum, 16 scans at a 
resolution 4 cm-1 were performed and film samples were clamped using a torque of 
3.5 kN m.  
FTIR spectra of the peel test samples were acquired using a Thermo Scientific 
Nicolet 380 FTIR spectrometer with a Smart iTR ATR accessory (angle of incidence 
45°) and Omnic 7.3 software. Here, 32 scans were carried out per spectrum at a 
resolution of 4 cm-1. The clamping pressure/torque could not be accurately adjusted 
using the Smart iTR. Both ATR tools (Smart iTR and Specac Golden Gate) 
represent single reflection diamond ATR accessories. 
Finally, the film extracts (Soxhlet extraction with n-hexane) were investigated using 
a Thermo Scientific Nicolet Nexus instrument with Omnic 7.2 software, after being 
re-dissolved in n-hexane and sandwiched between two NaCl disks. 
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5.6.4 Adhesion measurement via peel test 
Measurement of coating adhesion was performed according to the EMAd (European 
Metallizers Association) test procedure for metal adhesion (seal test) [221]. 
Therefore, a 50 µm thick ethylene acrylic acid (EAA) film is sealed to the coated 
surface of the film (105 °C, 4 bar, 20 s) and, after conditioning, is peeled off with a 
tensile tester at a speed of 50 mm/min, according to the setup shown in Figure 5-15. 
The required force is measured by the load cell of the tensile tester and results are 
expressed in terms of N/(15 mm). In order to obtain an average peel force value and 
its standard deviation, at least 10 specimens are measured for each coating trial. 
This test is also further described and discussed in reference [120]. 
 
Figure 5-15: Cross-sectional view of sample during peel test 
A RDM HSE-3 heat sealer and a Mecmesin VersaTest tensile tester with a 25 N 
load cell and Mecmesin DataPlot software was used in this investigation. The EAA 
film was 50 µm Integral E100, produced by DOW. 
  
                                                 
d
 The EMA has ceased its operations and members are now organising under the 
Association of International Metallizers, Coaters and Laminators (AIMCAL). 
Peel-off angle 
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Metal plate 
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. 
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5.6.5 Transmission electron microscopy (coating thickness) 
For transmission electron microscopy (TEM) analysis, samples of very low thickness 
(generally less than 200 nm) are investigated via the application of a focussed 
electron beam. The low sample thickness is required in order to ensure that the 
electrons can travel through the sample (‘electron transparency’). TEM uses an 
array of magnetic lenses, arranged above and below the sample investigated, in 
order to transport the signal originating from the sample to the detector, which can 
be a fluorescent screen, a film plate or a camera. Whilst passing through the 
sample, the incident electrons interact with the atomic nuclei present and 
compositional (as well as structural and thickness) differences result in different 
efficiencies of electron scattering. This entails image contrast during bright-field 
TEM, since the scattered (or diffracted) beams are blocked out by the objective 
aperture and are not passed on to the detector (e.g. high atomic numbers will 
scatter to a larger extent and hence appear darker). The high resolution capabilities 
of TEM principally stem from the use of a highly focussed electron beam, as well as 
the extremely low wavelength of the incident electrons, which is a lot smaller than 
the wavelength of light or X-rays. Finally, one still has to bear in mind that despite 
the exceedingly low sample thickness a three-dimensional specimen is examined, 
but only a two dimensional image is obtained and, consequently, the depth 
resolution of TEM is limited. [222] 
Samples of the AlOₓ coated polymer films were embedded in an epoxy resin (TAAB 
low viscosity resin of medium hardness, polymerisation at 60 °C for 24 hours), 
cross-sectioned with an ultramicrotome (Reichert-Jung Ultracut ultramicrotome) to a 
sample thickness of approximately 70 to 80 nm and, finally, analysed using a FEI 
Tecnai 12 Biotwin transmission electron microscope at a 100 kV acceleration 
voltage with a Gatan Orius SC1000 camera. 
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5.6.6 Analytical equipment 
Table 5-7 summarises the analytical methods and equipment used. Listed at the 
bottom are additional techniques and analytical tools that were applied in the course 
of this project, but are not described in further detail in Chapter 5.6. 
 
Table 5-7: List of analytical equipment used 
Measured/investigated 
characteristic 
Technique/ 
apparatus 
Manufacturer 
and model 
Location 
OTR 
Permeation 
tester 
Mocon Oxtran 
2/20 
Systech 8001 
Bobst Manchester 
WVTR 
Permeation 
tester 
Mocon 
Permatran-W 33/3 
Systech 7001 
Bobst Manchester 
Surface topography 
DIC light 
microscopy 
Zeiss Axio 
Imager.M2m 
Innovia Films 
Surface topography SEM 
Zeiss Supra 40VP 
field emission gun 
scanning electron 
microscope 
Manchester 
Metropolitan 
University 
Surface topography 
and roughness 
AFM 
WITec alpha500  
(pulsed force 
mode), 
Veeco di CP II 
(tapping mode) 
Innovia Films and 
Fraunhofer Institute 
for Process 
Engineering and 
Packaging 
Contact angles and 
surface energy  
Contact angle 
measurement 
Krüss MobileDrop 
Manchester 
Metropolitan 
University 
Surface energy 
Wettability test  
with dyne inks 
and dyne pens 
Corona Supplies 
Ltd. (dyne inks), 
Dyne Technology 
(dyne pens)  
Innovia Films and 
Bobst Manchester 
Film surface 
composition and 
coating stoichiometry 
XPS 
Thermo Scientific 
Theta Probe 
University of Surrey 
Film surface 
composition 
Static SIMS 
Kore Technology 
Surface Seer 
Innovia Films 
Skin layer 
composition, polymer 
identification and film 
extract composition 
FTIR  
spectroscopy 
Thermo Scientific 
Nicolet 380 with 
Smart iTR, 
Perkin Elmer 
Spectrum GX with 
Specac Golden 
Gate ATR, 
Thermo Scientific 
Nicolet Nexus 
Manchester 
Metropolitan 
University and 
Innovia Films  
AlOₓ adhesion/peel 
force 
Peel test 
RDM HSE-3 heat 
sealer, 
Mecmesin 
VersaTest tensile 
tester 
Bobst Manchester 
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Table 5-7: Continuation 
AlOₓ coating 
thickness 
TEM 
FEI Tecnai 12 
Biotwin 
University of 
Manchester 
Film shrinkage 
Thermal shrinkage 
tester 
Lenzing 
Instruments TST1 
Innovia Films 
Tensile properties (for 
barrier on elongation) 
Tensile tester Hounsfield H10KS 
Manchester 
Metropolitan 
University 
Heat treatment (effect 
on barrier) 
Oven Carbolite 
Manchester 
Metropolitan 
University 
Optical density Densitometer MacBeth TD931 Bobst Manchester 
Light transmission 
Spectro-
photometer 
Hitachi U-4000 
Manchester 
Metropolitan 
University 
Surface topography 
White light 
profilometry 
MicroXAM (phase 
shift) surface 
mapping 
microscope 
Manchester 
Metropolitan 
University 
Acrylate thickness 
Stylus  
profilometry 
Dektak IID  
Manchester 
Metropolitan 
University 
Residual solvents 
Gas 
chromatography 
N.I.R.A 
Neptune 801 
Bobst Italia 
Gelbo-flex Gelbo-flex tester 
United States 
Testing Co. model 
5000  
Innovia Films 
Molecular weight 
distribution 
Gel permeation 
chromatography 
(GPC) 
Viscotek HT-GPC 
Module 350A 
Innovia Films 
Extract 
identification 
Liquid 
chromatography- 
mass spectrometry 
(LC-MS) 
Agilent 6540 Q-
TOF LC-MS 
Manchester 
Metropolitan 
University 
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5.7 Experimental structure 
 
Figure 5-16: Experimental flow chart 
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Displayed in Figure 5-16 is an experimental flow chart for the work carried out in the 
course of this project. The left-hand side describes the individual process steps 
(upstream and downstream of the AlOₓ coating process) investigated, as well as the 
film materials used, whilst on the right-hand side (in blue boxes), the analysed 
material characteristics and analytical techniques applied are stated. As can be 
seen, the polymer films were analysed and investigated using a variety of 
techniques in order to accurately characterise each process step. 
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6 RESULTS AND DISCUSSION 
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6.1 Characterisation of uncoated polymer films 
6.1.1 Oxygen and water vapour barrier performance 
The barrier performances of the uncoated BOPP films and PET reference film, 
which were coated with reactively evaporated AlOₓ barrier layers in the course of 
this project, are summarised in Table 6-1 (including their film thickness). When 
uncoated films are measured for their barrier properties, they can give quite a broad 
range for OTR and WVTR, within which the results are scattered. Consequently, for 
each film type a range is given for the respective transmission rate. For the 
calculation of BIF (barrier improvement factor) values, which will be done later when 
the barrier results after AlOₓ coating are presented (see Table 6-10), the mean value 
of this range will be used. 
 
Table 6-1: Oxygen and water vapour barrier properties of plain (uncoated) polymer films 
Film 
Thickness OTR WVTR 
µm cm³/(m² d) g/(m² d) 
BOPP A 30 1250 – 1450 4 – 5 
BOPP B 15 2500 – 2900 7 – 8 
BOPP C 20 2000 – 2100 6 – 7 
BOPP D 20 1750 – 1850 4 – 5 
BOPP E 22 1550 – 1650 3.5 – 4.5 
BOPP F 18 400 – 500 4 – 5 
PET 12 100 – 110 40 – 50 
 
In general, all uncoated films (apart from BOPP F with the different polymer skin 
layer) exhibit barrier performances that fall within the typical range for the individual 
polymer film type and the respective film thickness [126, 135]. As mentioned in 
Chapter 4.1, the barrier properties of BOPP films are, amongst others, affected by 
the degree of orientation and crystallinity, i.e. a higher degree of orientation entails a 
higher degree of crystallinity and therefore improves the moisture barrier. These 
properties have, nevertheless, not been investigated in this study. Furthermore, the 
specific composition of the core and the skin layers, i.e. homopolymer and 
co/terpolymer, as well as the respective thicknesses of these layers, will affect the 
overall barrier performance of the coextruded film. This is, for example, obvious for 
BOPP F, which has been coextruded with a different (high surface energy) polymer 
as skin layer. As can be concluded from the transmission rate values stated in Table 
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6-1, the skin layer drastically improves the OTR of the BOPP film, but appears not to 
have such a significant effect on the water vapour barrier. 
BOPP E, a film designated for heat shrink applications, reveals an improved oxygen 
barrier, as well as slightly enhanced water barrier, for its thickness, compared to 
BOPP A to C. This is due to the design of heat shrinkable films, which contain so-
called hydrocarbon resins as additives (generally in the core layer ), in order to tailor 
and improve their shrink properties [223-225]. One positive effect of these resins is 
the improvement of OTR and WVTR of the BOPP film (mechanism explained further 
at the end of this chapter). This also suggests that BOPP D, though this film was not 
labelled as a heat shrinkable BOPP, may have some hydrocarbon resin added, thus 
improving its plain film barrier performance. If this is the case and BOPP D might be 
a heat shrinkable film, then the investigation of the shrinkage of the polymer films 
(refer to Chapter 6.1.4) will reveal more information. 
The general differences in plain film barrier performance seen between BOPP and 
PET are due to the different polymer properties, such as the glass transition 
temperature and polarity. BOPP at room temperature is above its glass transition 
temperature Tg (0 to 10 °C [55] for isotactic PP), which means that all amorphous 
parts are in a rubbery state and therefore more mobile. Furthermore, the ‘free 
volume’ is increased above Tg. Consequently, molecules such as gases can more 
easily permeate the polymer matrix. In contrast to that, PET at room temperature is 
below its Tg (69 to 115 °C [55]), hence all amorphous parts of the semi crystalline 
PET are in the glass state, the ‘free volume’ is reduced and the permeating 
molecules have a more tortuous path to negotiate through. For the WVTR of PET 
and BOPP, the polarity of the film also plays an important role. Due to the polar 
nature of PET, in contrast to the nonpolar BOPP, it can swell in the presence of 
moisture and this leads to an increased water vapour permeation rate. [1, 134, 226] 
The barrier improvement seen by the use of hydrocarbon resins in BOPP films is 
presumably due to the amorphous hydrocarbon material having a higher glass 
transition temperature than PP and, therefore, being in the glass state at room 
temperature. Within the PP polymer, the hydrocarbon component accumulates in 
the amorphous regions of the polypropylene polymer and, hence, makes these less 
permeable. 
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6.1.2 Surface topography and roughness 
The uncoated BOPP and PET film samples were investigated at a range of 
resolutions, using optical microscopy, scanning electron microscopy imaging and 
finally atomic force microscopy analysis. 
6.1.2.1 Differential interference contrast optical microscopy  
Starting with the lowest magnification level, the films were analysed using light 
microscopy with a DIC illumination mode at two different magnification scales. 
Representative low-magnification DIC images of the uncoated BOPP films (corona 
treated side) are shown in Figure 6-1.  
Despite the low magnification level of light microscopy relative to SEM, this analysis 
already reveals significant differences between the various BOPP films, as well as 
the PET reference film (images for PET shown later in Figure 6-3). BOPP F, which 
has a different polymer skin layer, shows the smoothest surface, since no antiblock 
particles have been included in the formulation. However, surface imperfections are 
also present in this film and a slightly wavy surface structure is visible. Compared to 
BOPP F, the plain film surfaces of the other BOPP films appear rougher due to the 
presence of antiblock particles but also due to the background structure of these 
films. The standard packaging grade BOPP films have been produced with antiblock 
particles added to the skin layers, which in all cases are of roughly spherical shape 
(although it has become more common not to use any antiblock particles in the skin 
layer of films to be vacuum coated [69]). There are, however, distinct differences 
observable between the BOPP films in terms of antiblock particle size and 
distribution density. BOPP A, B and E barely show large antiblock particles in Figure 
6-1 and predominantly feature smaller (submicron size) antiblock particles, which 
will be more pronounced on the high-magnification DIC images presented later 
(Figure 6-2). In contrast to that, BOPP C and D reveal substantially larger antiblock 
particles with diameters of up to 10 µm. Here, it also appears that BOPP D exhibits 
slightly less of these large antiblock additives when compared to BOPP C. More 
information on the subject of antiblock particles and their size/amount, will be given 
by the results of the antiblock particle count, presented in Section 6.1.2.2. 
BOPP A also exhibits features (lowered, round-shaped areas with a diameter of 
approximately 50 to several 100 µm, see Figure 6-1 top left) that are an unwanted 
phenomenon that can emerge during the film production process. Their origin is, so 
far, not completely understood. However, it is assumed that these topographical 
features are closely related to the crystal structures of the polypropylene film, which 
are induced during cooling of the extruded cast-sheet/tube, modified during 
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reheating (both steps before the orientation process) and deformed during the 
sequential/simultaneous stretching procedure. Similar topographical features on the 
surface of BOPP films have also been reported and investigated by Tamura and co-
workers [227, 228]. 
 
  
  
  
Figure 6-1: Low-magnification DIC images of uncoated BOPP films; top left: BOPP A; 
top right: BOPP B; middle left: BOPP C; middle right: BOPP D; bottom left: BOPP E; 
bottom right: BOPP F 
The light diffraction/interference phenomena seen for BOPP D and to a lesser extent 
also for BOPP C in Figure 6-1 may be caused by larger antiblock particles trapped 
BOPP A 
BOPP C 
BOPP E 
BOPP B 
BOPP D 
BOPP F 
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between the skin layer and the core, thus creating a cavity between the coextruded 
layers.  
Leaving the antiblock particles and other features aside, each BOPP film has a 
specific underlying surface pattern. Here, BOPP A and C exhibit a very smooth and 
less textured background, which on this magnification level appears more similar to 
BOPP F, whilst BOPP B, D and E feature an intensely textured background pattern, 
however, with individual variations (‘softer’ bumpiness of BOPP D and E compared 
to the ‘spiky’ and edged texture of BOPP B). 
 
  
  
  
Figure 6-2: High-magnification DIC images of uncoated BOPP films; top left: BOPP A; 
top right: BOPP B; middle left: BOPP C; middle right: BOPP D; bottom left: BOPP E; 
bottom right: BOPP F 
BOPP A 
BOPP E 
BOPP B 
BOPP C BOPP D 
BOPP F 
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When increasing the magnification level of light microscopy (see Figure 6-2), 
additional surface characteristics for each film become observable. All films show a 
granulare surface background structure, which gives an ‘orange-peel’ appearance. 
Even BOPP F, which had a different polymer as skin layer, exhibits a similar texture. 
However, individual differences can, once again, be detected. BOPP A shows a 
texture that has a horizontal orientation and it is suspected that this is the machine 
direction of the film, based on the track marks (see bottom right of Figure 6-2, top 
left image) presumably left by a detached antiblock particle, which runs in the same 
direction. Also BOPP E exhibits an orientation, in this case however vertical. By 
contrast, no orientation of the grainy texture can be found for the other BOPP films. 
Overall, the grains appear the most pronounced for BOPP D, whilst BOPP B reveals 
additional mounds in its surface. 
Also on this magnification level, differences in antiblock particle size and number 
density are noticeable. BOPP E features the largest number of submicron size 
antiblock particles, followed by BOPP A and then BOPP B, whilst BOPP C and D 
feature fewer but substantially larger antiblock particles (diameter > 1 µm). As 
already noticed on the lower magnification DIC images, BOPP D exhibits the least 
antiblock particles and no submicron particles are visible at all. 
Additional features found on the BOPP films (see Figure 6-2 top left, middle right 
and bottom right image) have either been created by antiblock particles, which 
detached from the BOPP surface, thus leaving indentations and track marks, or by 
antiblock particles of the rear side of the film, which upon contact in roll form created 
surface damage and indentations. Dislocated antiblock particles (indentations where 
they once resided) and other defects, such as scratches (from film handling and 
contact of the film with the equipment), can be found on all BOPP films. The latter 
can also be seen when investigating the PET film and similar abrasion defects on 
PET film have been shown in DIC images by Bishop [92]. 
On comparing the film surface of the BOPP films that contain antiblock particles with 
the standard grade PET film, a huge disparity becomes obvious. In the low-
magnification DIC image (see Figure 6-3, left), the PET film exhibits a far greater 
surface roughness, created by a vast amount of antiblock particles than any of the 
investigated BOPP films. Furthermore, in the PET film, these antiblock particles are 
of various sizes and do not appear to be of spherical shape. Even in the high-
                                                 
e
 The terms grainy/grains/granular are used here, and also for the SEM and AFM 
investigation, to describe the roughly spherical-shaped features of the surface texture of the 
polymer films (uncoated and coated). It is assumed that this granular structure (particularly 
pronounced in the AFM images) is caused by the crystalline structure of PP (i.e. spherulites 
and/or lamella). 
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magnification DIC image (see Figure 6-3, right), very small antiblock particles, 
comparable to those found on BOPP A, B and E, are visible. However, the antiblock 
particles on the BOPP films appear ‘to lie on the surface’, are not completely 
covered by the polymer and have a tendency to be easily removed. In contrast to 
the latter, the antiblock particles in the PET film seem to be further embedded in the 
polymer, such that the polymer fully enrobes the particle, even though they are still 
protruding from underneath the polymer. This is thought to be due to the production 
process of the PET film, whereby the (low-cost) film used comprises a typical single-
layer structure, with the antiblock particles dispersed throughout this layer [67]. 
BOPP films generally are multilayer structures (typically three layers), with the 
antiblock particles just added to the polymer granules of the skin layers. The low-
magnification DIC image of PET (Figure 6-3, left) looks very similar to SEM images 
(of comparable magnification) published by Numata et al. [229], DIC images by 
Jamieson and Windle [140] and DIC images by Bishop [92], although for the former 
two the PET substrate was coated with an inorganic barrier layer. As will be 
discussed later (see Section 6.2.2.1), a difference between coated and non-coated 
films cannot be established at this magnification level.  
 
  
Figure 6-3: DIC images of uncoated PET at two different magnification levels 
The examination of the plain film surface topography at various magnification levels 
is important, in order to investigate which plain film surface characteristics have the 
capability to negatively impact barrier properties of the AlOₓ coated film. Scratches 
and scuff marks, or other similar abrasion type defects on the film surface, 
presumably due to contact of the film with the film processing equipment, have also 
been detected in light microscopy and large area AFM investigations of AlOₓNy 
coated and uncoated PET film conducted by Erlat et al. [230]. Based on their 
results, they concluded that these features were over-coated by the 70 to 90 nm 
barrier layer and did not cause large uncoated areas but just local thickness 
variations. However, they consequently also emphasise that these plain film surface 
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characteristics are crucial and need to be considered in regards to barrier 
performance, especially for thinner coatings.  
Furthermore, antiblock particles are thought to be critical for the barrier performance 
obtained after vacuum coating. Several research groups have shown antiblock 
particle related defects in inorganic barrier layers, such as coating fracture near the 
particle in the film surface [231, 232], as well as indentations in the coating created 
by antiblock particles of the rear film side, which again lead to cracks and coating 
fracture [126]. Mueller and co-workers [233] also found that when metallising a 
BOPP film surface without any antiblock particles, the number of defects/pinholes 
could be drastically reduced and the barrier performance was significantly better, 
compared to metallised standard BOPP. Analogous results were published by 
Rochat et al. [234] for SiOₓ barrier layers deposited onto PET film containing 
antiblock additives in the surface layer, in contrast to a PET film free of these. It can 
consequently be assumed that the number of antiblock particles can have a major 
impact on the number of pinholes/defects in the coating, though not every particle in 
the film surface will necessarily create a defect. If antiblock particles dislocate from 
the film surface or leave imprints before coating, then these surface imperfections 
may be over-coated by the barrier layer. However, if this happens after coating, 
defects (uncoated areas) will inevitably be created. 
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6.1.2.2 Antiblock particle count 
As stated in the previous chapter, antiblock particles can play an important role with 
respect to the number of defects in the barrier layer and hence the barrier 
performance achieved. Consequently, antiblock particle counts and classifications 
into sizes were carried out using light microscopy. 
For this investigation, an appropriate magnification level had to be selected in order 
to ensure the data collected was representative for all films analysed, i.e. the 
specific background surface features did not affect the results and also the smaller 
antiblock particles (as present on BOPP A, B and E) were detected and evaluated. 
A 500 x magnification was chosen, which was equivalent to an investigated area of 
22600 µm², and 15 random areas of this size were analysed per polymer film. The 
particle count was averaged over these areas. 
For the analysis itself, the microscope images (in reflected light mode) are 
overexposed with light and a certain threshold value is set, which dictates that 
everything darker will be detected as an antiblock particle. The software then 
measures the area of each dark spot and calculates its equivalent diameter. 
Subsequently, the antiblock particles are categorised according to their size in 
intervals of 0.1 µm (i.e. 0 µm< x ≤ 0.1 µm, 0.1 µm < x ≤ 0.2 µm, …). Nevertheless, 
this technique also has some small drawbacks, which, in the interest of 
completeness, should be mentioned. In order to capture the majority of the antiblock 
particles present in the investigated area, the threshold value needs to be of the 
right order, which generally leads to a slight overestimation of the true size of the 
antiblock particle (see also top images in Figure 6-4, the red area on the right image 
is larger than the true dark area on the left image). Furthermore, two coalescent 
antiblock particles will be counted as one particle of a bigger size and other surface 
features and contaminations, which create dark areas in the image, will additionally 
be counted as antiblock particles. All antiblock particles are assumed to be of 
spherical shape, which in the case of BOPP is a good approximation, but does not 
reflect the situation for PET. Finally, some submicron antiblock particles, which 
cannot be resolved at the selected magnification level (see for example antiblock 
particles in SEM investigation, Figure 6-6), will not be taken into consideration. 
Figure 6-4 illustrates the antiblock count procedure with the overexposed images of 
the film surface (left column) and the same images showing the areas detected as 
antiblock particles marked in red (right column). The images are shown for two 
extreme situations; a small amount of large antiblock particles (BOPP C) and a large 
amount of small antiblock particles (BOPP E and PET).  
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Figure 6-4: Light microscope images showing antiblock particle count on polymer films; 
top: BOPP C; middle: BOPP E; bottom: PET; marked in red are areas recognised as 
antiblock particles 
For PET, it becomes noticeable that the antiblock particles are more angular and, 
furthermore, are embedded in the polymer, which makes it difficult to detect and 
estimate the ‘true’ size of each particle. As can be seen from Figure 6-4, bottom, 
some of the antiblock particles, which appear as light coloured ‘bumps’, are counted 
as antiblock particles of much smaller size. 
The results of the antiblock particle count are summarised in Figure 6-5 and, 
additionally, Table 6-2 for the polymer films investigated (all films apart from 
BOPP F, which was not examined because of the absence of antiblock particles). In 
BOPP C 
BOPP E 
PET 
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summary, the antiblock particle count confirms the results of the DIC light 
microscopy investigation.  
 
 
Figure 6-5: Antiblock particle size distributions (22600 µm² area) for BOPP films and 
PET reference film 
From Figure 6-5 and Table 6-2 it can be seen that BOPP F has the largest amount 
of submicron antiblock particles, followed by BOPP A and then BOPP B and PET, 
which revealed very similar antiblock particle size distributions. Once again, it should 
be emphasised here that for PET, the antiblock particle sizes obtained in this 
investigation do not necessarily reflect the actual sizes.  
 
Table 6-2: Cumulative and total amounts of antiblock particles for BOPP films and PET 
reference film  
Film 
Antiblock particle count 
per 22600 µm² area per mm² 
≤ 1 µm > 1 µm > 5 µm* > 10 µm* Total Total 
BOPP A 116 25 1.7 0.2 141 6263 
BOPP B 53 24 0.5 0 77 3383 
BOPP C 13 31 3.1 0.5 44 1935 
BOPP D 9 10 1.7 0.2 19 823 
BOPP E 305 27 0.2 0 332 14720 
PET 60 34 1.0 0 94 4153 
*Decimal place shown to indicate differences 
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BOPP C and D exhibit far fewer submicron antiblock additives. Nevertheless, just 
considering antiblock particles above 1 µm does not expose significant differences, 
with only BOPP D showing a smaller number, compared to the rest of the films. Only 
when investigating the cumulative amounts of antiblock particles larger than 5 or 
10 µm, can one detect that there is a very low number for BOPP B and E, whilst 
BOPP C contains the largest number of antiblock particles of this size, followed by 
BOPP A and D. With respect to the total number of antiblock particles, all films 
behave identically as seen for the submicron range. 
For all films, the maximum of the particle size distribution is found for an antiblock 
diameter between 0.3 and 0.6 µm, apart from BOPP C, which exhibits a maximum 
at approximately 1 µm. The antiblock particle size distributions acquired here are 
similar in shape to distributions obtained by Fayet and co-workers [235] for different 
grades of PET films. Nevertheless, in their case, the peak antiblock diameter values 
range between 1 and 1.5 µm, which is considerably larger than found in this study 
for PET and also BOPP A to D. Fayet et al. also deposited SiOₓ barrier layers onto 
three PET film grades and found that the OTR increased with rising number of 
antiblock particles per mm². 
The average antiblock size between 0.3 and 0.6 µm found here is surprisingly close 
to the results of defect/pinhole counts published by Hanika et al. [156]. Based on 
their light microscope, SEM and AFM investigations of metallised BOPP, they state 
that the maximum number of defects is found for a defect area of approximately 
0.5 µm², which corresponds to an equivalent diameter of 0.8 µm. Furthermore, their 
defect area distribution function exhibits a similar shape to the antiblock size 
distributions shown in Figure 6-5, with a steeper decline from the maximum towards 
the smaller particle sizes (defect areas), compared to the larger ones. Work on the 
defect size distributions in SiOₓ coatings on PET carried out by Rochat et al. [234] 
also revealed similar shaped curves, with the maximum located for a defect 
diameter around 1 µm. They investigated SiOₓ coated PET films with and without 
antiblock additives and obtained analogous shaped curves in both cases, but an 
increased defect density, as well as increased mean defect size when the additives 
were present. This could suggest that there is a direct correlation between antiblock 
particles, their size and the defects created in an inorganic barrier layer. 
Calculating the total amount of antiblock particles per mm² (see Table 6-2, last 
column), the results obtained (apart from BOPP D) reveal larger numbers, especially 
BOPP E than a typical number of 10³/mm² as stated by Langowski [126] and Henry 
et al. [232]. However, different film grades are likely to have different antiblock 
particle amounts per mm² [235].   
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6.1.2.3 Scanning electron microscopy 
In order to investigate the plain film surfaces beyond the resolution offered by light 
microscopy, SEM analysis was carried out. No conductive coatings (as is usually 
done for samples of an insulating nature) were applied for this investigation to avoid 
masking important surface details. To minimise charging effects, low acceleration 
voltages of 0.4 to 0.5 kV were used. 
The low-magnification SEM images (not shown here) are in agreement with the DIC 
light microscopy analysis (see Section 6.1.2.1) and confirm the differences in 
antiblock particle size and distribution seen on the different polymer films. On the 
high-magnification SEM images shown in Figure 6-6, the typical background 
structure of each individual film becomes observable. The granular texture of the 
BOPP films (‘orange-peel’), which was already indicated in the high-magnification 
DIC images, is distinctively visible in the SEM images and specific differences can 
be detected. BOPP A and also BOPP E show an orientation, i.e. additional 
waviness, of the background structure, which in both cases runs approximately 
diagonal across the image, whilst the surface of BOPP B and also PET reveal a 
‘bumpy’ and undulating background structure. As discussed in Section 6.1.2.1, it is 
assumed that the oriented texture of BOPP A and E is aligned in the machine 
direction and caused during film stretching. By contrast, BOPP C, D and F do not 
show such background structures, but appear very even and smooth. (One might 
say, though, that BOPP F exhibits some degree of unevenness.) 
Furthermore, differences in the grain size (i.e. coarse or fine orange-peel) can be 
observed between the BOPP films. BOPP B appears to have the largest grains, 
followed by BOPP D and then BOPP C. Not taking the oriented texture of BOPP A 
and E into account, they both exhibit a finer-grained structure. BOPP F, which was 
very difficult to investigate during SEM analysis, due to missing surface features 
(such as antiblock particles) that can be used to focus the image, displays a 
structure with a similar grain size to BOPP C. The PET film does not exhibit a 
graininess or orange-peel that is comparable to BOPP in the SEM images. 
With respect to judging the roughness of the films based on the SEM images, it is 
important to state that the ‘roughness impression’ of the surface will be affected by 
the contrast and brightness settings of the individual SEM image, which are not 
identical for all films. Consequently, AFM analysis (see Chapter 6.1.2.4) is used to 
investigate the film surface roughness. This analysis and the images associated will 
also illustrate the differences in grain size, as discussed above. 
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Figure 6-6: SEM images of uncoated polymer films; top left: BOPP A; top right: BOPP B; 
second row left: BOPP C; second row right: BOPP D; third row left: BOPP E; 
third row right: BOPP F; bottom: PET 
The differences in antiblock particle size are also obvious on the SEM images 
shown in Figure 6-6. BOPP A, B and E as well as the PET film reveal a vast majority 
of submicron size antiblock particles, in contrast to BOPP C and D. For the PET film, 
one can detect that many of the small antiblock particles are completely 
BOPP A 
BOPP C 
BOPP E 
BOPP D 
BOPP B 
BOPP F 
PET 
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encapsulated by the polymer and, thus, rather appear as small bumps, which 
presumably have not been detected during the antiblock particle count (refer to 
Section 6.1.2.2) 
The damage/imprint seen on BOPP A and BOPP D (Figure 6-6, top left and second 
row right) are created by antiblock particles, either dislocating from the film surface 
or leaving an imprint when located at the rear side of the film. As discussed in 
Chapter 6.1.2.1, detached antiblock particles are a common phenomenon for BOPP 
films, where the antiblock particles are added to the outer skin layers only and thus 
are less incorporated into the film, and antiblock particles frequently detach during 
film conversion and winding.  
Finally, one key difference was seen in that BOPP A was covered in defects shaped 
like small craters or ‘dimples’ (Figure 6-6, top left, a few features marked with red 
circles) with diameters of 50 nm to several 100 nm (measured via AFM, see Section 
6.1.2.4). These defects were originally assumed to be caused by micro-arcs 
appearing during corona treatment at the film production site. However, based on 
further SEM analysis of a variety of BOPP film samples, corona treatment could be 
excluded as a potential source of the defects and it was concluded that the heat 
setting/thermo fixation may cause the craters. This process step is conducted after 
the orientation process, in order to stabilise the film and prevent unintentional 
shrinkage, and it is suspected that during this re-heating process, volatile 
components within the film surface flash evaporate off and, consequently, leave 
crater-shaped defects. Similar defects could not be detected on any other film 
investigated here. 
The presence of any kind of defect in the uncoated film surface will be of importance 
when the film is coated with the thin inorganic barrier layer, as certain defects may 
be reproduced in the coating whilst others will be over-coated and might even 
disappear.   
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6.1.2.4 Atomic force microscopy 
In addition to the light microscope and SEM imaging, the uncoated films were 
examined using AFM analysis. Therefore, a scan size of 5 x 5 µm² was chosen and, 
additionally, the surface roughness was investigated. Representative AFM images 
of the BOPP films are shown in Figure 6-7 and for the PET reference film in Figure 
6-8. For all these images, the same z-scale bar (-15 nm to 15 nm) was adjusted in 
order to present directly comparable images. 
  
  
  
Figure 6-7: 5 x 5 µm² AFM scans of uncoated polymer films; top left: BOPP A; top right: 
BOPP B; middle left: BOPP C; middle right: BOPP D; bottom left: BOPP E; 
bottom right:  BOPP F 
BOPP A 
BOPP C 
BOPP B 
BOPP D 
BOPP F BOPP E 
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AFM analysis of the plain films confirmed the results of the SEM investigations and 
revealed a granular surface structure (for the BOPP films), as well as the typical 
background textures. For example, BOPP A, B and E again show a 
waviness/bumpiness that overlays the granular structure, whilst BOPP C, D and F 
appear very even. For BOPP B and D, the granular texture gives the impression of 
being coarser, which was also detected during the SEM investigations. In the case 
of BOPP E, one can also observe some distinct light coloured ‘spots’ in the 
5 x 5 µm² (see Figure 6-7, bottom left), which are small antiblock particles that could 
not be avoided during analysis. Furthermore, craters/dimples were detected by the 
AFM examinations of plain BOPP A (see Figure 6-7, top left). The AFM analysis 
also allowed the size of these defects to be measured, which range from 50 nm to 
several 100 nm in diameter and some tens of nm in depth (see Appendix A2). AFM 
did not reveal these crater/dimple-shaped defects on any of the other BOPP films, 
nor the PET film. Further investigations of the craters with respect to their shape and 
depth were carried out and can be found in Appendix A2.  
The granular surface texture, which has already been discussed for the SEM 
images and, furthermore, was already visible to some extent in the high-resolution 
DIC images (especially for BOPP C and D), is presumably caused by the crystalline 
structure/morphology of the polypropylene (altered by the orientation/drawing 
process, see also short discussion in Chapter 4.1.1). Nevertheless, O’Hare et al. 
[236] state that they did not detect any evidence for a spherulitic structure in their 
studies of corona treated BOPP. In the latter publication, it is, however, also stated 
that the presence of a spherulitic structure depends on the film and its properties, 
such as degree of crystallinity, molecular weight, as well as the film processing 
conditions. One important property that appears to affect the surface structure is the 
skin layer composition in terms of co- or terpolymers (with ethylene and/or butylene). 
Also this has been previously addressed in Chapter 4.1.1. 
O’Hare et al. [236] show a similar 5 x 5 µm² AFM image of corona treated BOPP, 
which exhibits a grainy surface texture and a waviness in the background. AFM 
scans of uncoated BOPP copolymer films (propylene-ethylene) presented by 
Moosheimer and Bichler [64] and Moosheimer et al. [237] also exhibit a comparable 
granular texture. Nevertheless, in earlier publications from the latter research group, 
the BOPP copolymer surfaces appeared different in the AFM images [77, 238, 239]. 
This is, though, not too surprising, based on the vast differences seen here for 
standard BOPP films. 
In contrast to the BOPP films, the PET surface exhibits a very smooth and fine 
texture with no noticeable grains of comparable size to the BOPP films. The small 
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light coloured ‘spots’ and bumps in the lower half of the AFM image (refer to Figure 
6-8) are assumed to be caused by small antiblock particles in the PET film surface. 
The PET film (as well as BOPP E, see Figure 6-7, bottom left) showed a very large 
number of these submicron antiblock particles (see SEM images, Figure 6-6) and it 
was, therefore, hard to measure a 5 x 5 µm² area that did not exhibit any. It should 
be further noted that the surface texture seen here for PET also appears a lot finer 
and less granular than seen in AFM images published by Moosheimer and 
Langowski [132] and Low and Xu [240]. 
 
 
Figure 6-8: 5 x 5 µm² AFM scan of PET 
The AFM analysis was additionally used to gain information about the roughness of 
the film surface in terms of RMS and Ra values. Therefore, several (at least 10) 
scans were performed per film sample and, to ensure statistical reliability and 
reproducibility of the roughness results, the scans were conducted randomly on 
different locations on the BOPP film. Additionally, scans for roughness evaluation 
were not acquired on areas where large antiblock particles were present. The AFM 
images presented in Figure 6-7 and Figure 6-8 already give a quite good idea about 
the roughness of the individual film surfaces, based on the coloration of the AFM 
images, which is confirmed by the roughness values summarised in Table 6-3. 
The PET film revealed the smoothest surface roughness, with a mean RMS value of 
1.7 nm and Ra value of 1.3 nm, which are in good agreement with values reported 
by Benmalek and Dunlop [241], Deng et al. [130] and also the roughness data 
obtained for some of the PET film surfaces investigated by Phillips [242]. This is 
followed by BOPP F, which had a high surface energy polymer as its skin layer. All 
standard BOPP films exhibit larger surface roughness values than the PET film (and 
BOPP F). The larger surface roughness of BOPP/PP, in comparison to PET, has 
also been stated by other researchers [130, 241] and the roughness values obtained 
here for the various standard BOPP films are comparable to these and further 
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results [78, 243] when comparable scan sizes are used to acquire the roughness 
data (4 x 4 µm² in references [241, 243] and 5 x 5 µm² in reference [78]).  
Table 6-3: Surface roughness in terms of RMS and Ra values (mean value and standard 
deviation) of uncoated polymer films, determined from 5 x 5 µm² AFM scans 
Film Side 
RMS Ra 
nm nm 
BOPP A Corona 4.1 ± 0.7 3.3 ± 0.5 
BOPP B Corona 6.1 ± 1.9 4.8 ± 1.6 
BOPP C Corona 4.1 ± 0.3 3.3 ± 0.2 
BOPP D Corona 6.2 ± 0.5 4.9 ± 0.4 
BOPP E Corona 4.4 ± 0.7 3.5 ± 0.5 
BOPP F 
High surface 
energy polymer 
3.0 ± 0.3 2.3 ± 0.3 
PET Corona 1.7 ± 0.3 1.3 ± 0.2 
 
The largest RMS and Ra values were measured for BOPP B and D. In the case of 
BOPP D, this is due to the intensely pronounced coarse-granular structure, whilst for 
BOPP B the larger roughness is caused by the contribution of waviness and bumps 
in the background texture. O’Hare and co-workers [236] present a 5 x 5 µm² AFM 
image of a BOPP film that shows a similar granular structure and also wavy 
background texture. However, their RMS value is calculated from a 1 x 1 µm² scan 
size and hence, at 2.4 nm, is lower than the values obtained here. BOPP roughness 
values lower than measured in this thesis have been reported by other researchers 
that used a lower scan size (in general 1 x 1 µm²) to determine the roughness 
parameters [78, 130, 244]. The 5 x 5 µm² scan size used in this thesis tends to 
result in larger mean roughness values and corresponding standard deviations (e.g. 
for BOPP A, B and E, refer to Table 6-3), since the additional texture overlaying the 
grainy surface structure causes an additional variation of the roughness. For 
BOPP B, this additional texture is highly pronounced (see SEM and AFM images in 
Figure 6-6 and Figure 6-7, respectively) and entails an extraordinary large standard 
deviation. Also Mahlberg and co-workers [78] found that, with increasing the scan 
size, surface roughness increases due to the inhomogeneity of the PP film. The first 
order line-wise levelling (applied to all AFM scans) does not remove this texture and, 
therefore, it can distort the RMS and Ra values. However, as this texture is part of 
the film surface and not caused by the analytical technique or sample preparation 
(see also high-magnification DIC images in Figure 6-2 and SEM images in Figure 
6-6), it should be taken into account when obtaining roughness data. Higher-order 
line-wise levelling has been carried out in Section 6.4.1.3 and the effect on AFM 
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images and surface roughness (for BOPP A to C) is summarised in Figure 6-63 and 
Table 6-29, respectively. 
BOPP A and C feature identical RMS and roughness average values, despite the 
very different appearance of the surface itself, with defects/craters and waviness 
being present for BOPP A (Figure 6-7, images top and middle left). Therefore, just 
looking at the surface roughness parameters does not expose critical differences in 
the film surface topography.  
The effect of plain film surface roughness and topography (and also coating 
roughness, see Section 6.2.2.3) on the barrier properties of inorganic barrier layers 
deposited thereon has been discussed to a large extent in literature, and not all 
results and conclusions are in agreement. Whilst Langowski [126] states that so far 
no clear relationship between the substrate topography and the barrier performance 
after coating could be established, Benmalek and Dunlop [241], who evaporated 
SiOₓ and sputtered AlOₓ barrier layers onto different polymer films, emphasise that 
on a rougher surface a thicker coating will be required in order to completely cover 
the surface topography. They mention substrate shadowing effects to be 
responsible for non-satisfactory barrier properties after coating. Also Low and Xu 
[240] underline the importance of a smooth polymer substrate surface as a critical 
requirement for the water vapour barrier performance of sputtered AlOₓ layers. 
Bichler et al. [245] showed an improvement of the oxygen barrier properties of AlOₓ 
coated BOPP film (electron beam evaporation) following oxygen plasma pre-
treatment and attributed this to the smoothing of the polymer surface, induced by the 
plasma treatment, resulting in the homogeneous growth of the coating. Analogous 
conclusions were drawn by Bahre and co-workers [246], who found that excessive 
plasma treatment of a PET film surface resulted in roughening and hence barrier 
degradation of subsequently deposited CVD SiOₓ barrier layers (i.e. no complete 
layer formed).  
Furthermore, the smoother surface of acrylate layers, applied onto polymer films 
prior to depositing the inorganic barrier layer, has been argued to be the main 
reason for the barrier improvement obtained when used as undercoats. Therefore, 
these layers are frequently referred to as smoothing layers. The effect of acrylate 
undercoats will be discussed in Chapter 6.4.1.  
With the evaporation process being a ‘line-of-sight’ deposition [72], larger surface 
irregularities, such as the previously described antiblock particles (especially when 
several microns in size), are quite likely to play an important role with regards to 
shadowing effects. It is however not known whether, at the scale investigated by 
AFM (5 x 5 µm²), the surface roughness, as defined by the grains, waviness and 
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small bumps, can cause shadowing effects. Furthermore, the evaporation source 
consisting of multiple aligned evaporation boats, as well as the moving substrate, 
may outweigh shadowing effects to some degree.   
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6.1.3 Surface chemistry 
6.1.3.1 Surface energy via contact angle measurement 
The plain polymer films were further characterised in terms of surface chemistry via 
contact angle measurement (the most surface sensitive of any conventional surface 
analysis methods [247]) for surface energy determination. This technique can be 
regarded as an indirect method to assess information about the chemical 
composition of the different substrate film surfaces. Since it has been shown in 
literature that polymer surface energy plays an important role for the nucleation and 
growth of evaporated coatings [130, 248], as well as for the adhesion and barrier 
properties of metallised BOPP [77, 249], this parameter is analysed in order to 
investigate its effect on the barrier properties of the films after AlOₓ coating. 
The results obtained for the various BOPP films and PET reference film are 
summarised in Table 6-4. Replicate measurements of at least five samples were 
carried out for each film type. In addition to the side that is coated with the AlOₓ 
barrier layer (i.e. corona treated side or high surface energy polymer skin layer), the 
table also states the surface energies obtained for the reverse side of the polymer 
films.  
As can be seen from the results presented in Table 6-4, the total surface energies of 
the corona treated side of BOPP A, B, C and E are within a range of 36 to 38 mN/m, 
which is a typical level to be expected for corona treated BOPP film [236, 250-252]. 
In contrast to that, the total and also polar surface energy of BOPP D is lower, with a 
mean value of 33.0 mN/m and a polar fraction of 4.5 mN/m. Nevertheless, also here 
similar values have been reported for corona treated BOPP film in literature [63]. 
The dispersive surface energies for all corona treated BOPP films are very similar, 
between 28 and 30 mN/m, which is the characteristic value for the total (and 
dispersive) surface energy of untreated BOPP (see later in this section). One reason 
for the unusually low surface energy of the corona treated side of BOPP D might be 
the age of the film, as the time of contact angle measurement and AlOₓ coating was 
approximately three years after film production (whilst the age of the other films was 
less than one year). It is well known that corona treated polypropylene film 
undergoes an ageing process, also called hydrophobic recovery [60, 243, 250, 253]. 
Data published by Novák et al. [254], for example, shows that for corona treated 
BOPP the surface energy initially drops and then stabilises at a value of about 
36 mN/m (investigated time range of approximately 350 days, same surface energy 
calculation method used as in this thesis). Kullberg [255] reports that the surface 
energy of corona treated BOPP declines from start values of 52 to 56 mN/m to 
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stable values around 38 to 40 mN/m (time range 174 days). These final values 
compare well with the data presented here for the standard commodity grade BOPP 
films (apart from BOPP D). Nevertheless, other researchers report different values, 
e.g. reference [60], and the ageing behaviour, as well as the initially obtained 
surface energy level, depends on many factors, such as corona treatment process 
variables (e.g. power, treater roll temperature) and film surface composition (homo-, 
co- or terpolymer) [63, 256].  
 
Table 6-4: Total, dispersive and polar surface energies of BOPP films and PET reference 
film, as determined by contact angle measurement 
Film Side 
Surface energy 
Polar Dispersive Total 
mN/m mN/m mN/m 
BOPP A 
Corona 8.9 ± 0.6 29.1 ± 0.4 38.0 ± 0.4 
Reverse 0.1 ± 0.0 29.8 ± 0.5 29.9 ± 0.5 
BOPP B 
Corona 7.8 ± 0.6 28.6 ± 0.3 36.4 ± 0.4 
Reverse 0.1 ± 0.0 29.2 ± 0.3 29.3 ± 0.3 
BOPP C 
Corona 7.0 ± 1.0 29.4 ± 0.8 36.4 ± 0.6 
Reverse 0.0 ± 0.0 28.8 ± 0.2 28.8 ± 0.2 
BOPP D 
Corona 4.5 ± 0.8 28.5 ± 0.7 33.0 ± 0.3 
Reverse 0.1 ± 0.1 28.3 ± 0.5 28.4 ± 0.5 
BOPP E 
Corona 7.6 ± 1.0 29.4 ± 0.8 37.0 ± 0.2 
Reverse 0.5 ± 0.1 28.3 ± 0.4 28.8 ± 0.3 
BOPP F 
High surface energy 
polymer 
6.2 ± 1.3 36.2 ± 1.4 42.4 ± 0.3 
Reverse 0.1 ± 0.0 29.0 ± 0.1 29.1 ± 0.1 
PET 
Corona 9.6 ± 0.9 38.6 ± 0.9 48.2 ± 1.3 
Reverse 8.6 ± 0.5 37.4 ± 0.4 46.0 ± 0.3 
 
The thermodynamically driven ageing process causes the polymer surface to revert 
back to its initial relatively hydrophobic state. This can be explained by a variety of 
mechanisms including; reorientation of initially surface protruding functional groups, 
created by the treatment, back towards the bulk polymer; migration of mobile short 
polymer chains from the bulk to the polymer surface; internal migration of low-
molecular-weight oxidised material; or diffusion of additives to the film surface. The 
extent of the latter diffusion related events depends strongly on ambient conditions 
[74, 253, 257]. Consequently, more pronounced differences in the polarity/chemistry 
of the corona treated film surfaces may also be present for the other standard BOPP 
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films (A, B, C, E), but are not detected due to the nature of the contact angle 
measurement, which only probes the outermost atomic layers. Furthermore, the 
films are AlOₓ coated in vacuum and in this environment volatile components may 
desorb from and leave the film surface more readily due to the lower vapour 
pressure. The surface is a dynamic system and in vacuum, it is different to the 
surface in atmosphere. Thus, these components may interfere with the contact 
angle measurements conducted under atmospheric conditions, but have less impact 
for the depositing coating in vacuum. In order to further characterise the films and 
detect possible differences, the exact chemical composition of the plain BOPP films 
needs to be studied by XPS analysis (see Chapter 6.1.3.2).  
The reverse sides of BOPP A to F reveal typical surface energies for untreated 
BOPP film [63, 236, 251]. A polar surface energy deviating from 0 mN/m (this value 
would be expected for the nonpolar hydrocarbon PP) can be explained by either 
backside treatment or contamination on the film surface (e.g. from the atmosphere 
or film additives) affecting the contact angle measurement. It is also worth 
mentioning that in the case of BOPP, treated and untreated surface, there is a good 
agreement between the total surface energy values obtained via different methods 
(Wolf and Sparavigna [251] used the calculation method according to Wu [198], 
whilst Strobel et al. [250] used the wettability method according to ASTM D2578 
[207] and O’Hare et al. [236] applied the same approach as used in this thesis, but 
with a variation in the test liquids used). 
The total surface energies of BOPP F (the film with the modified skin layer) and PET 
are higher, compared to the standard BOPP films, which is due to a higher 
dispersive surface energy component, as can be detected from Table 6-4. This 
difference is caused by the different chemical surface composition of these films and 
it is assumed that this surface chemistry is an important nucleation condition for the 
depositing AlOₓ layer. The total surface energy of 42.4 mN/m measured for BOPP F 
in this study is lower than expected, since a value of 52 to 56 mN/m is stated in data 
published by the manufacturer [258]. However, the high surface energy polymer skin 
layer is in contact with the low surface energy reverse side of BOPP F (a 
polypropylene copolymer) when stored in roll form and material may be transferred 
from the reverse onto the special skin layer, thus reducing the surface energy 
measured (similar to the decay of AlOₓ surface energy, see Section 6.2.4). The 
corona treated PET film shows a total surface energy that is lower than would 
usually be expected for treated PET, whilst the value measured for the untreated 
side is comparable to the reported value of 47 mN/m [259]. The lower surface 
energy of the corona treated PET film can be explained by an ageing process, 
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similar to BOPP [253]. There are, though, deviations in the contribution of the 
dispersive and polar part towards the total surface energy (when results obtained in 
this thesis are compared to results of reference [259]), which may be attributed to 
the different calculation technique applied (reference [259] uses Wu [198]). 
Nevertheless, another research group [260] reports different surface energy values 
for untreated and corona treated PET, despite using the same calculation approach 
applied in this thesis (but, apart from water, different test fluids). 
The surface energies were additionally examined using dyne pens according to 
ASTM D2578. Whilst for BOPP A to F, these results were in line with the results 
obtained via contact angle measurement and the calculation approach used, there 
was a strong discrepancy for the surface of the corona treated PET film. However, 
different techniques (i.e. test fluids, calculation methods) can result in different 
surface energies [208]. The use of different measurement techniques may also be 
the reason for the deviating results obtained for BOPP F in this study, compared to 
the film manufacturer.   
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6.1.3.2 X-ray photoelectron spectroscopy 
Whilst contact angle measurement only probes the outermost portions of the surface 
(sampling depth approximately 0.5 nm [261]), XPS analysis has a greater sampling 
depth (in this study 5 to 6 nm). Therefore, ageing processes of corona treated BOPP 
film (as discussed in Chapter 6.1.3.1), which presumably take place in the top few 
nanometres of the film surface, should not affect the outcome of XPS analysis, as 
found by Strobel et al. [250, 253]. Furthermore, the AlOₓ coating process takes place 
in vacuum, as does the XPS analysis, and it is anticipated that the film surface will 
be different in vacuum than it is in atmosphere, where contact angle measurements 
take place. It can, therefore, be argued that the contact angle measurement does 
‘not see the same surface’, as do the arriving atoms and molecules during 
deposition, and an analytical technique conducted in vacuum is a more 
representative technique. Nevertheless, XPS analyses more than just the outermost 
surface. 
The film surface compositions (side to be coated) in at% of the BOPP films and PET 
reference film are summarised in Table 6-5. In order to evaluate the XPS data, the 
sensitivity factors according to Scofield [212] were applied. Most of the results 
shown in Table 6-5 represent single measurements. Only for BOPP D and E, three 
repeat measurements each were carried out and standard deviations for the oxygen 
content were found to be 0.2 at% (BOPP E) and 1.0 at% (BOPP D), respectively. 
 
Table 6-5: Polymer film compositions, as analysed via XPS 
Film Side 
C O N Al 
O/C 
ratio 
at% at% at% at% 
BOPP A Corona 93.0 7.0 - - 0.08 
BOPP B Corona 95.4 4.6 - - 0.05 
BOPP C Corona 89.6 10.4 - - 0.12 
BOPP D Corona 94.0 5.3 - 0.7 0.06 
BOPP E Corona 95.8 4.2 - - 0.04 
BOPP F 
High surface 
energy polymer 
80.3 10.3 9.4 - 0.13 
PET Corona 72.6 27.4 - - 0.38 
 
As can be observed from Table 6-5, the oxygen content of the standard commodity 
grade BOPP films varies over quite a large range, from 4.2 to 10.4 at%. If one looks 
back at the total and polar surface energies stated in Table 6-4 (Chapter 6.1.3.1), no 
clear correlation can be drawn between both polar or total surface energy and the 
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oxygen content in the film surface. If one compares for example BOPP D with 
BOPP B and E, then all three reveal similar oxygen contents of approximately 4 to 
5 at%. Nevertheless, the total and also polar surface energies of BOPP D are 
considerably lower than for BOPP B and E. BOPP C shows the highest oxygen 
content, 10.4 at%, which is significantly greater than the oxygen content for all other 
standard grade BOPP films, although its surface energy with 36.4 mN/m is only 
average, even lower than the surface energy of BOPP A and E. The oxygen 
contents (and O/C ratios) obtained here for the corona treated BOPP films A to E fall 
within the broad range of values reported in literature for corona treated BOPP [61, 
63, 86, 236, 244, 250, 252, 262-264]. It can be seen from the references that the 
measured oxygen content depends on various factors, such as the applied corona 
energy/dose; the film composition (e.g. co-, ter- or homopolymer skin layer); the type 
and time of corona treatment (e.g. laboratory/industrial-scale, treatment after film 
orientation by producer); as well as the electron take-off angle used for XPS 
analysis (affects sampling depth). Consequently, it is difficult to make a direct 
comparison with specific values stated in literature. 
The small amount of aluminium detected on BOPP D is attributed to film additives 
that can contain aluminium compounds, such as acid scavengers (e.g. hydrotalcites 
or zeolites) or antiblock particles (e.g. aluminosilicate) [50, 51, 66]. No other film 
additives were picked up by the XPS analysis.  
BOPP F has a different surface composition, since this film has a different polymer 
coextruded as its skin layer in order to enhance the barrier properties after vacuum 
coating. This polymer additionally contains 9 to 10 at% nitrogen, whilst the oxygen 
content is comparable to BOPP C. Due to a confidentiality agreement with the film 
supplier, BOPP F was not further investigated and its composition will not be further 
discussed.  
The PET film has a higher oxygen content, compared to the other films. The value of 
27.4 at% agrees well with values reported by O’Hare et al. [260] for corona treated 
PET, but the O/C ratio appears slightly low when compared to results of Strobel et 
al. [253]. Nevertheless, as already stated for BOPP, the oxygen content, as detected 
by XPS, can be affected by many factors. 
In contrast to PET and the skin layer of BOPP F, which both contain oxygen in their 
‘native’ form, the oxygen content in the BOPP film surface is induced by the corona 
treatment, during which oxygen-containing functional groups are incorporated into 
the BOPP film surface. The process leading to the formation of new chemical 
groups is proposed as a three step mechanism, proceeding mainly via radical 
reactions [265]. During initiation, hydrogen is abstracted from the PP polymer chain 
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thus creating radicals. This first step is followed by the propagation process, 
whereby oxygen (e.g. from molecular oxygen, atomic oxygen, ozone or OH-species) 
bonds to the carbon atoms. The oxygen-containing radicals created this way can 
undergo further propagation reactions. Finally, the reaction is terminated (elimination 
of radicals), thus resulting in stable end-products. Even though corona treatment is 
applied in air, no nitrogen is incorporated into the film surface, as found by other 
researchers [266]. This is attributed to the higher stability of the triple bond in 
nitrogen, compared to the double bond in oxygen [267]. The incorporation of 
nitrogen by plasma pre-treatment is generally only achieved when oxygen is not 
present [63]. 
In order to investigate the oxygen-functional groups created by the corona treatment 
on the surface of BOPP A to E, high-resolution XPS spectra of the carbon 1s (C1s) 
peak (see Figure 6-9 for BOPP C) and also oxygen 1s (O1s) peak were evaluated 
by peak deconvolution. The fitted peaks were assigned as reported in Table 6-6, 
using XPS reference data published by Beamson and Briggs [268]. To take the 
vibrational fine structure of polypropylene into consideration, two peaks were fitted 
for C-C/C-H bonds (though, also the fitting of four peaks is possible [236]). Curves 
for (up to) three different oxygen-containing functionalities were fitted to the carbon 
1s peak, in a similar way to Langowski [63] (for corona treated BOPP) and other 
researchers [269-271] (for oxygen plasma treated PP). Nevertheless, some 
research groups have fitted up to six peaks [62, 236]. 
 
Table 6-6: C1s and O1s peak deconvolutions and their assignment for 
corona treated BOPP films 
Element Peak 
Binding energy 
(centre) 
Shift 
Assignment 
eV eV 
Carbon 
(C1s) 
1 285 - 
C-C, C-H (single bond to 
hydrogen or carbon) 
2 285.7 + 0.7 
C-C, C-H (single bond to 
hydrogen or carbon) 
3 286.5 + 1.5 C-OH (hydroxyl group) 
4 287.8 + 2.8 C=O (carbonyl group) 
5 289.2 + 4.2 C-OOH (carboxyl group) 
Oxygen 
(O1s) 
1 532.5 - C=O (double bond to carbon) 
2 533.5 - C-O- (single bond to carbon) 
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There are some slight deviations of the binding energies for the two oxygen peaks 
(here: 532.5 and 533.5 eV, see Table 6-6) to the values tabulated in reference [268]. 
This variation is attributed to the fact that the reference data has been obtained for 
functional groups that are embedded in a polymer, whilst the data here is for 
oxygen-containing groups that are ‘free’ on the surface.  
Figure 6-9 shows the peak deconvolution for the C1s peak of corona treated 
BOPP C. BOPP C revealed the highest oxygen content of all standard BOPP films 
and, therefore, the individually fitted peaks for the oxygen-containing functionalities 
are the most pronounced.  
 
 
Figure 6-9: High-resolution XPS spectrum for C1s peak deconvolution of 
corona treated BOPP C 
Using the peak fitting stated in Table 6-6, the amounts of the individual oxygen-
functional groups for each film can be estimated and the results obtained are 
summarised in Table 6-7. The values given represent the relative amount within the 
C1s peak (i.e. concentration relative to total C1s peak area). The sum of the at% 
values of the three oxygen-functional groups is approximately equal to the oxygen 
content stated in Table 6-5 (for each film type). Nevertheless, it will not be identical, 
since the peak fitting represents a source of uncertainty.  
BOPP C shows the highest content of each individual oxygen-containing functional 
group (refer to Table 6-7), followed by BOPP A. This was to be expected, based on 
the results of the total oxygen contents stated in Table 6-5 (BOPP C ≈ 10 at%, 
BOPP A ≈ 7 at%, BOPP B, D and E approximately 4 to 5 at%).  
It is noticeable from the data presented in Table 6-7 that, the lower the oxidised 
state of the species (e.g. hydroxyl groups), the larger the amount of this functionality 
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that is induced by the corona treatment. This has also been found by other 
researchers, for oxygen plasma, flame and corona treated polypropylene [63, 236, 
244, 271, 272]. Whilst it was possible to fit the peaks for all three oxygen-functional 
groups to the C1s peaks of BOPP A to C, no peak for carboxyl groups could be 
fitted to the data of BOPP D and E, which is attributed to the low oxygen contents of 
these films. Although BOPP B revealed a similar low oxygen content, a small peak 
representing carboxyl functionalities could be fitted (0.5 at%). Nevertheless, it has 
been reported in literature that the number of peaks that can be fitted (and thus 
types of functional groups created) may vary, depending on the corona treatment 
level [63, 236]. Furthermore, Boyd and co-workers [62] found that higher oxidised 
oxygen-containing species are lost from the surface with ageing time at a higher rate 
than other oxidised species. Nevertheless, they also noted a decrease of oxygen 
content (O/C ratio) with ageing, which disagrees with findings by Strobel at al. [250], 
who stated that the results of the XPS analysis (at various electron take-off angles) 
were not affected by the ageing process. The at% values reported in Table 6-7 for 
the various functional groups compare well with results published by Langowski [63] 
for corona treated BOPP (homo- and copolymer surfaces). 
 
Table 6-7: Concentrations of oxygen-containing functional groups relative to 
total C1s peak area 
Film 
Hydroxyl 
C-OH 
Carbonyl 
C=O 
Carboxyl 
COOH 
at% at% at% 
BOPP A 5.5 1.9 0.9 
BOPP B 4.1 1.0 0.5 
BOPP C 7.0 3.3 1.4 
BOPP D 4.4 0.9 - 
BOPP E 4.5 1.2 - 
 
The importance of oxygen in BOPP film surfaces has been emphasised by Mount 
[69], who states that a large amount of hydroxyl groups in the film surface 
represents the optimum state for barrier metallisation, whilst a larger concentration 
of higher oxidised carboxyl species has a negative impact on the barrier properties 
of the metallised film. Furthermore, McClure et al. [249] show that the incorporated 
oxygen in the film surface of BOPP (generated by plasma treatment) plays an 
important role for the oxygen barrier properties, as well as coating-to-substrate 
adhesion, after metallisation. Additionally, several other research groups report on 
the effect and importance of oxygen generated by pre-treatment in the PP/BOPP 
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film surface for the adhesion of vacuum deposited aluminium layers [77, 269, 270]. 
Friedrich and co-workers [273], for example, discuss the significant impact of 
carboxyl groups, and also hydroxyl groups, on the adhesion of evaporated 
aluminium to PP. Even though the vast amount of literature cited here refers to 
aluminium metallisation of BOPP, it can be assumed that also for AlOₓ coating the 
BOPP film surface chemistry, as generated by the (corona) treatment, is critical for 
the functional properties of the vacuum coated film. 
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6.1.3.3 Static secondary ion mass spectrometry 
In addition to XPS analysis, TOF-SSIMS analysis of the corona treated BOPP films 
was carried out. This analytical technique provides a lower probing depth (compared 
to XPS) of approximately 1 nm or less [213, 214]. The main purpose for using an 
additional technique to analyse the BOPP film surface chemistry was to confirm the 
results obtained via XPS analysis. Based on the fact that during each of these 
surface analyses, only a very small fraction of the film surface (400 x 400 µm² for 
TOF-SSIMS) is examined, it is important to obtain reliable and representative data. 
Consequently, the two analyses were performed independently of each other on 
different samples. For the TOF-SSIMS analysis, two areas per BOPP film type were 
analysed. The incorporation of oxygen into the film surface is noticeable in the 
negative ion spectra from the intensity of the O- and OH- peak (m/z 16 and 17, 
respectively), as reported by other researchers [62, 271, 274-276]. The O-/CH- 
(m/z 16 : m/z 13) and (O- + OH-)/CH- (m/z 16 + 17 : m/z 13) intensity ratios can be 
used as parameters to describe the oxygen content and hence degree of oxidation 
of the polymer (if it only contains carbon, hydrogen and oxygen) and allow 
correlation of the SSIMS findings to XPS O/C ratios [277]. 
In order to characterise the samples with respect to the oxygen incorporated by the 
corona treatment, the intensity ratios stated above were used and results are 
presented in Table 6-8. In addition to examining the corona treated side of the 
BOPP films, the untreated reverse side of BOPP D and E were analysed as 
references. 
 
Table 6-8: Peak intensity ratios from negative TOF-SSIMS spectra for corona treated and 
untreated sides of BOPP films 
Film side O
-
/CH
-
 (O
-
 + OH
-
)/CH
-
 
BOPP A Corona 0.80 ± 0.14 1.47 ± 0.08 
BOPP B Corona 0.57 ± 0.03 0.99 ± 0.09 
BOPP C Corona 1.47 ± 0.05 2.54 ± 0.12 
BOPP D Corona 0.84 ± 0.03 1.55 ± 0.01 
BOPP D Reverse 0.00 ± 0.00 0.01 ± 0.00 
BOPP E Corona 0.53 ± 0.12 1.09 ± 0.11 
BOPP E Reverse 0.01 ± 0.00 0.01 ± 0.00 
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As can be seen from Table 6-8, the intensity ratios (O-/CH-, as well as                    
(O- + OH-)/CH-) are the highest for BOPP C, followed by BOPP A and D, which 
appear very similar. Finally, the lowest values were obtained for BOPP B and E, 
which also revealed a comparable level. For the O-/CH- ratio, it is noticeable that the 
standard deviation for BOPP A and E is slightly increased, compared to the other 
films, whilst for the (O- + OH-)/CH- ratio, all films apart from BOPP D exhibit larger 
standard deviations. Traces of oxygen were found in the surface of the untreated 
sides of BOPP D and E, which can be attributed to general oxidation of the film or 
backside treatment (during corona treatment). The TOF-SSIMS results appear to be 
very much in agreement with the XPS data stated in Table 6-5, which revealed the 
highest oxygen content for BOPP C, followed by BOPP A and then BOPP D. 
Plotting the SSIMS intensity ratios versus the XPS O/C ratios, see Figure 6-10, 
yields a good correlation between the two sets of data, with coefficients of 
determination of R² = 0.90 for the (O- + OH-)/CH- ratio and R² = 0.92 for the O-/CH- 
ratio. Consequently, using the SSIMS O-/CH- intensity ratio results in a slightly better 
correlation between XPS and SSIMS data. A good correlation between the XPS O/C 
ratio and TOF-SSIMS (O- + OH-)/CH- ratio (with R² = 0.85) has also been 
established by Briggs and co-workers [276], for polyethylene treated by a variety of 
oxidising techniques, including corona and flame treatment. 
 
 
Figure 6-10: Correlation between TOF-SSIMS intensity ratios (O
-
/CH
-
 and (O
-
 + OH
-
)/CH
-
) 
and XPS atomic O/C ratios for corona treated BOPP films 
Nevertheless, as mentioned earlier, SSIMS and XPS have different sampling depths 
of approximately 1 nm and 5 to 6 nm (37° electron take-off angle), respectively, 
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which can have an effect on the results and correlation obtained. Results by 
Occhiello at al. [271] provide support that SSIMS analysis can be affected by the 
ageing process taking place on the treated polypropylene surface, whilst XPS 
results appeared uninfluenced. In the case of the BOPP films investigated here, the 
film samples were of different ages. Furthermore, also matrix effects play a role 
during the SSIMS analysis, e.g. the sputtering yield of O- ions in SSIMS appears to 
depend on the type of oxygen functionality [277]. 
The TOF-SSIMS analysis also showed levels of antioxidant film additives, with mass 
fragments of m/z = 203, 219 and 259 in the positive ion spectra and m/z = 231 in the 
negative spectra, which are characteristic for the antioxidant Irganox 1010 [278, 
279]. Furthermore, no elements of antiblock particles, such as silicon, were 
detected, which indicates that these filler particles are covered by a polymer layer 
that is at least as thick as the analytical depth of the SSIMS analysis. 
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6.1.3.4 Skin layer composition via infrared spectroscopy 
In addition to characterising the surface chemistry of the BOPP films with respect to 
the composition of the top few nanometres (via XPS and SIMS), ATR-FTIR 
spectroscopy was used to investigate the skin layer composition of the standard 
BOPP films. As stated in Section 5.5, all standard commodity grade BOPP films 
used here comprise a three-layer structure, with a homopolymer core and either a 
co- or terpolymer skin layer on each side. The use of ATR-FTIR spectroscopy will 
allow the determination of whether ethylene and/or butylene are present in the skin 
layer. For this analysis, the methylene rocking bands in the region between 770 and 
720 cm-1 are investigated. Whilst the presence of butylene is identified from a peak 
at around 770 cm-1, caused by the ethyl side branch of the butylene repeat unit 
(methylene rocking mode of ethyl branches) [280, 281], the presence of ethylene, as 
an addition to the PP, is determined from the methylene rocking bands near  
725 cm-1. Orthorhombic crystal structures in polyethylene (PE) give rise to two 
characteristic peaks (at around 730 cm-1 and 720 cm-1), whereas the amorphous 
phase exhibits a broader peak at around 723 cm-1 [282, 283]. For ethylene-
propylene copolymers, the peak at approximately 733 cm-1 is assigned to the 
methylene rocking of a (–CH2–)n sequence with n = 3 or 4 and the peak at around 
722 cm-1 to a sequence with n = 5 or more [284]. Thus, their presence indicates a 
block-type copolymer.  
ATR-FTIR spectra of the corona side (i.e. the side that is later coated with AlOₓ) of 
the five standard BOPP films, showing the region between 800 and 700 cm-1, are 
displayed in Figure 6-11. To facilitate visual assimilation of the data, the various 
spectra are stacked up the y-axis and the wavenumber regions of interest (770 cm-1, 
733 cm-1 and 722 cm-1) are highlighted with vertical lines.  
As can be seen, the absorption band at around 770 cm-1, characteristic for the 
presence of butylene, is present for all five BOPP films; nevertheless, in all cases 
slightly shifted towards a lower value of the wavenumber (approximately 
768/767 cm-1). Furthermore, there are differences in peak intensity present. BOPP D 
reveals the strongest peak, followed by BOPP C and then BOPP B, whilst BOPP A 
and E exhibit weaker absorption bands. The intensity of the absorption band will be 
affected by the content of butylene in the skin layer, as well as thickness of the skin 
layer.  
TEM imaging of cross-sections of BOPP films revealed skin layer thicknesses less 
than 1 µm (typically around 0.5 µm or less), while the penetration depth of the 
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evanescent wave in ATR-FTIR is approximately 2.6 µmf at 770 cm-1. As the ethylene 
component (which will be discussed later) was not particularly strong, it is assumed 
that the higher intensity of the peak around 770 cm-1 is due to a higher content of 
butylene in the skin layer of the respective films and not due to a thicker skin layer.  
 
 
Figure 6-11: ATR-FTIR spectra of BOPP films (corona treated side) for the investigation of 
methylene rocking bands 
When investigating the characteristic absorption bands for the presence of ethylene 
derived structural units, BOPP A displays only a peak at 733 cm-1, hence indicating 
a rather random PE content. BOPP B shows no peaks around 733 cm-1 and  
722 cm-1 and it is thus concluded that this film does not contain PE in its skin layer. 
BOPP C, D and E all show both characteristic PE absorption bands, although for 
BOPP D and E the two peaks are shifted to slightly lower wavenumbers (730 cm-1 
and 720 cm-1, respectively). The peak around 722/720 cm-1 is the most pronounced 
for BOPP D, then E and finally C. Therefore, the skin layers of these latter three 
BOPP films contain long sequences of ethylene derived structural units indicating a 
block copolymer structure. In summary, it was found that all films apart from 
BOPP B, which appears to have a polypropylene-butylene copolymer skin layer, 
exhibit a terpolymer skin layer with different levels of butylene. 
                                                 
f
 During ATR-FTIR, here with a diamond crystal, the IR radiation has a wavelength-
dependent penetration depth, which at 770 cm
-1
 is approximately 2.6 µm for PP, see 
Equation (5-10) (using a refractive index of 1.5 for PP [285] and 2.4 for the diamond crystal 
[218]). 
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In the case of metallised BOPP, Campbell and Wolters [256] have shown that with a 
certain level of butylene in a corona treated propylene-butylene copolymer skin 
layer, the barrier properties of the metallised BOPP could be improved, compared to 
a propylene-ethylene copolymer skin layer. Hence, their research indicates that the 
skin layer composition can play a role for the barrier levels to be obtained after 
vacuum deposition of a barrier layer. They, however, attributed this to differences in 
surface smoothness, though no extensive AFM roughness evaluation and data is 
presented. 
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6.1.4 Shrink properties of BOPP films 
The final analysis carried out for the uncoated standard grade BOPP films was the 
determination of the film shrink properties. It is assumed that the shrinkage 
properties of the film substrate may play a role for the barrier properties of the 
inorganic barrier layer deposited thereon. This is due to the compressive forces 
acting on the oxide layer when the film shrinks due to the thermal load applied 
during coating deposition (although the web will initially expand [92]). The overall 
effect may act to densify the coating and, hence, improve its structure, reducing 
porosity and increasing barrier performance. 
For this test, film sample strips are heated from 50 °C to 140 °C at a rate of 
10 °C/min, while their shrinkage is determined using a Lenzing Instruments TST1 
thermal shrinkage tester. The sample strips were kept flat during the measurement 
using a pre-tension that corresponds to an applied tensile stress of approximately 
0.2 MPa. The investigation was carried out for the machine direction (MD) and the 
transverse direction (TD) of the BOPP films and a PET reference film, and results 
are illustrated in Figure 6-12. Two samples for each film type and direction (MD/TD) 
were measured and identical graphs were obtained in all cases. 
 
  
Figure 6-12: Shrinkage as a function of temperature for BOPP A to E and PET reference 
film; left: MD shrinkage; right: TD shrinkage 
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Figure 6-12 reveals that all films initially showed an expansion (in MD and TD), due 
to the heating process, before the onset of shrinkage. This expansion is only very 
marginal for the PET film (not noticeable in Figure 6-12) and intensely pronounced 
for BOPP A and B for the transverse direction. BOPP A and B show relatively 
balanced shrinkage properties, i.e. the maximum shrinkage value at 140 °C for MD 
and TD is nearly identical (BOPP A: 12 – 14 % and BOPP B: 17 %). However, for 
the other films, especially BOPP C and D, there is a larger difference between MD 
and TD maximum shrinkage (BOPP C: MD 7 % and TD 15 %, BOPP D: MD 10 % 
and TD 26 %, BOPP E: MD 18 % and TD 26 %). The vast differences seen for 
BOPP C and D, with the TD shrinkage being double the value (or more) of the MD 
shrinkage, indicates that these films were produced via sequential stretching, 
whereby a less balanced orientation is obtained (MD draw ratio around 1:5 and TD 
draw ratio between 1:8 and 1:10) [68]. Using simultaneous orientation, e.g. via the 
tubular (double-bubble) process or LISIM linear motor simultaneous stretching 
system, the process window for orientation is significantly larger and identical draw 
ratios can be achieved [68], therefore enabling a more balanced orientation and 
hence more balanced shrink properties, as found for BOPP A, B and also E. In 
contrast to the BOPP films, PET only shrinks marginally (MD 0.5 %, TD 0.3 % at 
140 °C), since it is a more thermally stable polymer film at the temperature range 
investigated. Rochat and co-workers [286] determined the shrinkage of 12 µm PET 
using a similar test (25 to 150 °C, 10 °C/min heating rate, 1 MPa tensile stress, MD 
or TD not specified) and found a shrinkage of approximately 0.1 % at 150 °C. This is 
lower than found in this thesis. However, Rochat used a higher pre-tension (tensile 
stress) and, additionally, showed that the shrinkage depended on the applied tensile 
stress, with the shrinkage being increased for lower stresses. Their data also 
revealed that further shrinkage takes place on cooling the samples down, which led 
to an overall shrinkage of 0.7 % for the full cycle (25  150  25 °C). Also the 
BOPP films investigated here will additionally shrink when they cool down to room 
temperature. This has not been measured and, consequently, is not shown in Figure 
6-12. Nevertheless, it is of importance as the data by Rochat et al. suggests that the 
overall shrinkage may be a lot larger than determined via Figure 6-12. 
The MD and TD curves for BOPP E, a shrink BOPP, run above the shrinkage 
curves of all the other BOPP films (except from a section of the TD shrinkage versus 
temperature plot, whereby the graph for BOPP D reveals a higher shrinkage) and, 
furthermore, cross the temperature axis (transition from expansion to shrinkage) at 
lower values (MD 70 °C, TD 86 °C). Nevertheless, for the TD shrinkage BOPP D 
exhibits a lower point of intersection with 72 °C. Based on the high TD shrinkage 
(26 % at 140 °C) obtained for BOPP D, which is identical to the value of the shrink 
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BOPP (BOPP E), and the fact that the TD shrinkage versus temperature curve of 
BOPP D is located above the curves of BOPP A, B and C, it is assumed that 
BOPP D might be a heat shrinkable BOPP film. Such films are modified intentionally 
in order to increase shrinkage properties. This is, furthermore, supported by the fact 
that the plain film barrier performance of BOPP D (especially OTR) was improved, 
compared to the other standard (non-shrink) BOPP films, see Section 6.1.1 (which 
can be caused be the use of a hydrocarbon resin in the core, as done for shrink 
BOPP films).  
In order to obtain the shrinkage behaviour for shrink BOPP films, these films are 
subjected to a gentler heat setting regime (some degree of heat setting is required, 
in order to keep the film dimensionally stable under normal storage conditions). 
Furthermore, hydrocarbon resins are added to the film (core layer), which also 
improves the barrier properties of the plain BOPP film (see Section 6.1.1). 
The temperature of the (BOPP) film during deposition is difficult to estimate and, 
furthermore, will not be constant during deposition. On the one hand, the web will be 
cooled by the cooled deposition drum and, on the other hand, the web is exposed to 
the heat load of the deposition process. The former is affected by several factors, 
such as the drum temperature and the heat transfer between film and drum, which 
in turn depends on the contact between film and drum, film roughness (affected by 
antiblock particles), web speed, film material and others. The heat load during 
reactive AlOₓ evaporation consists of the following components: the thermal 
radiation from the resistively heated boats, the latent heat of the condensing coating, 
and the heat of chemical reaction, i.e. exothermic reaction of AlOₓ formation. [22, 29, 
92] 
Whilst Schiller and co-workers [29] state a maximum allowable substrate film 
temperature of 80 °C, during the deposition of 20 nm thick barrier layers onto PET, 
the temperature profiles published by Bishop [92] show a maximum temperature 
between 80 °C and 110 °C (no details of deposition thickness are given). 
Additionally, the data obtained by McCann et al. [287] gives a maximum of 112 °C, 
when depositing a 35 nm thick aluminium coating onto 12.5 µm PET. Consequently, 
this data may give a rough estimate of the (maximum) film temperature during 
deposition.  
As can be seen from Figure 6-12, a temperature of 70 °C to 86 °C is needed in 
order to induce the shrinkage of BOPP D and E in TD, whilst the other films require 
higher temperatures of at least 110 °C, in order to move from film expansion to 
shrinkage. When investigating the MD, BOPP E starts shrinking from 70 °C, 
BOPP A and B from 85 °C and BOPP C and D from 100 °C onwards. 
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6.1.5 Summary of film properties 
For a better comparison and ease of understanding of the differences between the 
various BOPP films investigated, the film properties examined and results obtained 
in Chapter 6.1 are summarised Table 6-9. Additionally, film thickness and film 
structure, as stated in the film datasheets obtained from the respective 
manufactures (see also Table 5-5), are listed. 
 
Table 6-9: BOPP film properties (uncoated) 
Film 
property 
BOPP A BOPP B BOPP C BOPP D BOPP E BOPP F 
Thickness 
[µm] 
30 15 20 20 22 18 
Structure 3 layers 3 layers 3 layers 3 layers 3 layers 5 layers 
OTR 
[cm³/(m² d)] 
1250 
– 
1450 
2500 
– 
2900 
2000 
– 
2100 
1750 
– 
1850 
1550 
– 
1650 
400 
– 
500 
WVTR 
[g/(m² d)] 
4 – 5 7 – 8 6 – 7 4 – 5 3.5 – 4.5 4 – 5 
Antiblock 
particles 
[per mm²] 
6263 
(mostly 
1 < µm) 
3383 
(mostly 
1 < µm) 
1935 
(mostly 
1 > µm) 
823 
(mostly 
1 > µm) 
14720 
(mostly 
1 < µm) 
No 
antiblock 
particles 
RMS 
roughness 
[nm] 
4.1 ± 0.7 6.1 ± 1.9 4.1 ± 0.3 6.2 ± 0.5 4.4 ± 0.7 3.0 ± 0.3 
Total surface 
energy 
[mN/m] 
38.0 ± 0.4 36.4 ± 0.4 36.4 ± 0.6 33.0 ± 0.3 37.0 ± 0.2 42.4 ± 0.3 
XPS oxygen 
content 
[at%] 
7.0 4.6 10.4 5.3 4.2 
10.3 
(9.4 at% 
nitrogen) 
Skin layer 
composition 
(FTIR) 
Ter-
polymer; 
propylene/
ethylene/ 
butylene 
Co-
polymer; 
propylene/ 
butylene 
Ter-
polymer; 
propylene/ 
ethylene/ 
butylene 
Ter-
polymer; 
propylene/ 
ethylene/ 
butylene 
Ter-
polymer; 
propylene/ 
ethylene/ 
butylene 
Different 
polymer 
Shrink 
properties 
and film 
orientation 
process 
Balanced; 
simulta-
neous 
orientation 
Balanced; 
simulta-
neous 
orientation 
Un-
balanced; 
sequential 
orientation 
Un-
balanced; 
sequential 
orientation 
suspected 
shrink 
BOPP 
Rather 
balanced; 
simulta-
neous 
orientation; 
shrink 
BOPP 
Not 
measured 
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6.2 Characterisation of AlOₓ coated polymer films 
After the detailed characterisation and discussion of the uncoated BOPP films, the 
results with respect to the AlOₓ coated films will now be presented, starting with the 
barrier levels that were obtained for the different AlOₓ coated BOPP film types.  
6.2.1 Oxygen and water vapour barrier performance 
6.2.1.1 General barrier levels obtained with AlOₓ coating 
The barrier performance of the various AlOₓ coated BOPP films and the PET 
reference film is summarised in Table 6-10. For each coating trial presented here 
and in the sections to follow, at least two OTR and two WVTR measurements were 
performed. Due to the length of time of a single barrier measurement, which can be 
up to 24 hours or longer, it is, unfortunately, not always possible to perform more 
than two replicate measurements (although most of the values stated in Table 6-10 
were averaged over at least four individually measured samples). The values in 
Table 6-10 represent the average transmission rates and their standard deviations. 
In order to illustrate the barrier enhancement obtained by the thin AlOₓ barrier layer, 
the plain (uncoated) film barrier properties, previously stated in Table 6-1, are 
additionally displayed. All average transmission rate values and BIF values (barrier 
improvement factor, an important quality indicator commonly used to characterise 
the effect of vacuum deposited barrier coatings) are displayed with three and two 
significant figures, respectively (apart from the plain film barrier performance). The 
BIFs were calculated using the mean value of the given transmission rate range for 
the uncoated polymer film and the average transmission rate after AlOₓ coating. 
Apart from the coating trials conducted for BOPP D, BOPP E and the PET reference 
film, three different trials were performed for each film type, in order to investigate 
the effect of in-line (low-pressure) plasma treatment on the AlOₓ barrier levels 
obtained. For the first trial, no in-line plasma treatment was applied, for the second 
trial pre-treatment only was used and the final trial was carried out with pre- and 
additional post-treatment after AlOₓ deposition. The plasma treatment was 
performed using power settings and gas recipes (with oxygen) previously optimised 
at Bobst Manchester, which due to proprietary knowledge cannot be further 
disclosed. 
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Table 6-10: Barrier properties (OTR and WVTR) of AlOₓ coated BOPP and PET films, 
including results following in-line plasma pre- and post-treatment 
Film 
Plasma 
treatment 
OTR WVTR 
cm³/(m² d) BIF g/(m² d) BIF 
BOPP A 
30 µm 
(uncoated) 1250 – 1450 - 4 – 5 - 
No plasma 271 ± 35 5.0 3.99 ± 0.06 1.1 
Pre 179 ± 42 7.5 3.43 ± 0.35 1.3 
Pre + post 257 ± 15 5.3 3.98 ± 0.30 1.1 
BOPP B 
15 µm 
(uncoated) 2500 – 2900 - 7 – 8 - 
No plasma 228 ± 12 12 5.78 ± 0.01 1.3 
Pre 118 ± 22 23 5.47 ± 0.35 1.4 
Pre + post 82.6 ± 17.7 33 5.89 ± 0.18 1.3 
BOPP C 
20 µm 
(uncoated) 2000 – 2100 - 6 – 7 - 
No plasma 47.0 ± 5.4 44 5.89 ± 0.23 1.1 
Pre 35.3 ± 3.1 58 6.08 ± 0.17 1.1 
Pre + post 26.7 ± 3.1 77 4.73 ± 0.07 1.4 
BOPP D 
20 µm 
(uncoated) 1750 – 1850  - 4 – 5 - 
Pre 77.1 ± 9.7 23 2.41 ± 0.58 1.9 
BOPP E 
22 µm 
(uncoated) 1550 – 1650 - 3.5 – 4.5 - 
Pre 48.9 ± 6.8 33 2.86 ± 0.61 1.4 
BOPP F 
18 µm 
(uncoated) 400 – 500 - 4 – 5 - 
No plasma 0.89 ± 0.01  506 2.19 ± 0.06 2.1 
Pre 0.83 ± 0.30  542 0.56 ± 0.07  8.0 
Pre + post 0.60 ± 0.14  750 0.64 ± 0.18 7.0 
PET 
(uncoated) 100 – 110 - 40 – 50 - 
Pre + post 0.62 ± 0.13 169 0.68 ± 0.14 66 
 
As can be seen from Table 6-10, the OTR and WVTR measured for AlOₓ coated 
PET are both below 1 cm³/(m² d) and 1 g/(m² d), respectively, which is typical for 
AlOₓ coated standard grade PET film. Transmission rate values around 1 cm³/(m² d) 
and 1 g/(m² d) are reliably and consistently achieved on standard packaging grade 
PET film, using the AlOₓ coating system described in Section 5.1. Nevertheless, 
when coating standard packaging grade BOPP films with reactively evaporated 
AlOₓ, the barrier performance can vary to a large extent and appears to be strongly 
affected by the individual base material itself. BOPP, in contrast to PET, is a 
nonpolar polymer with a completely different surface chemistry (as shown in 
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Sections 6.1.3.1 and 6.1.3.2), which can have a large impact on coating nucleation 
and growth of AlOₓ barrier layers [130]. For AlOₓ coated BOPP A, for example, the 
OTR was very inconsistent and the application of plasma treatment did not appear 
to bring any significant improvement. None of the trials performed resulted in a clear 
enhancement of the oxygen barrier down to levels below 100 cm³/(m² d), which 
would be comparable to aluminium metallised BOPP (an OTR < 100 cm³/(m² d) is 
generally guaranteed in a datasheet for metallised standard BOPP film). For 
comparison purposes, BOPP A, B and C have also been coated with aluminium 
(optical density of 2.0 to 2.1) and the barrier properties obtained are stated in Table 
6-11. Whilst metallised BOPP B and C reveal typical oxygen barrier levels, 
metallised BOPP A exhibits a larger average OTR value of 130 cm³/(m² d), which is 
not so much better than the oxygen barrier of AlOₓ coated BOPP A when the AlOₓ 
layer was deposited with in-line plasma pre-treatment only. The reason for the poor 
barrier performance of AlOₓ and aluminium coated BOPP A will be explained later in 
this chapter. 
 
Table 6-11: Barrier properties (OTR and WVTR) of metallised BOPP films with an 
OD of 2.0 to 2.1 
Film 
Plasma 
treatment 
OTR WVTR 
cm³/(m² d) BIF g/(m² d) BIF 
BOPP A Pre 130 ± 15 10 0.87 ± 0.02 5.2 
BOPP B Pre 24.7 ± 3.6 110 0.34 ± 0.03 22 
BOPP C Pre 19.4 ± 2.2 106 0.16 ± 0.01 41 
 
In contrast to AlOₓ coated BOPP A, AlOₓ coated BOPP B revealed better barrier 
properties owing to the application of plasma pre- and post-treatment, whilst without 
any plasma treatment the oxygen barrier was similar to AlOₓ coated BOPP A. Even 
though an average OTR of less than 100 cm³/(m² d) was achieved when conducting 
in-line plasma pre-and post-treatment, there was still quite a large scatter of the 
data, as noticeable from the relatively large standard deviation. This may be caused 
by the thin 15 µm BOPP film being less supportive and, hence, the ceramic and 
brittle AlOₓ barrier layer being more prone to damage when handled, compared to a 
thicker substrate film. Nevertheless, for metallised BOPP B (see Table 6-11), a far 
better OTR was obtained when using plasma pre-treatment only. 
BOPP C delivered acceptable (e.g. < 100 cm³/(m² d)) oxygen barrier performance 
even without any in-line plasma treatment. With the application of pre- and post-
treatment, a mean OTR of 26.7 cm³/(m² d) was achieved for this film. This result is 
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nearly as good as the average oxygen barrier of 19.4 cm³/(m² d) achieved for 
metallised BOPP C (refer to Table 6-11). 
For BOPP D and E, only one trial each with plasma pre-treatment was conducted 
and, consequently, no conclusions can be drawn about the effect of in-line plasma 
treatment on barrier. It is, however, noticeable from Table 6-10 that both films reveal 
acceptable oxygen barrier levels after AlOₓ coating, but with the OTR of AlOₓ coated 
BOPP E being considerably better than measured for AlOₓ coated BOPP D. The 
oxygen barriers of these two AlOₓ coated films also exhibit standard deviations that 
are lower than obtained for BOPP B. 
In the case of BOPP F, which is coextruded with a special high surface energy 
polymer skin layer in order to enhance barrier performance after coating, remarkable 
barrier improvement for OTR (and WVTR) could be obtained by applying the AlOₓ 
layer (refer to Table 6-10). Even without any in-line treatment, the OTR improved 
significantly to less than 1 cm³/(m² d), due to the different surface chemistry of the 
skin layer. According to barrier data presented by Wolf and co-workers [258], the 
coating of this film with SiOₓ or aluminium resulted in even lower OTR (and WVTR) 
values, although no remarks on in-line treatment were made. 
The OTR values for both BOPP B and C clearly revealed an improvement in the 
barrier levels obtained when in-line plasma pre- and post-treatments were applied. 
Pre-treatment improves barrier by chemical modification of the plain film surface, 
which enhances coating nucleation/growth conditions and, hence, affects the final 
coating structure in terms of coating density/porosity [151]. During this chemical 
modification, functional groups are incorporated into the film surface [63, 74] (similar 
as discussed for the corona treatment, see Chapter 6.1.3.2), which can act as 
nucleation sites for the depositing coating [151]. Furthermore, plasma treatment is 
generally accompanied by a cleaning effect, during which low-molecular-weight 
species loosely bonded to the film surface (e.g. oligomers) can be removed [74] 
and, hence, they do no longer interfere with the depositing coating. Bichler and co-
workers [245] showed an improvement of the oxygen barrier properties of AlOₓ 
coated BOPP homopolymer film (electron beam evaporation) following oxygen 
plasma pre-treatment. Their oxygen transmission rate was reduced from a value of 
230 cm³/(m² d) (no treatment) to values of 100 cm³/(m² d) or less for oxygen plasma 
treated BOPP. They attributed this, though, to the smoothing of the polymer surface 
induced by the plasma treatment, resulting in the homogeneous growth of the 
coating. However, as will be shown in Section 6.2.2.3, no significant difference in 
surface roughness between the plain and AlOₓ coated films was found (apart from 
BOPP E) and, hence, a smoothing effect of the plasma pre-treatment is excluded. 
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The bombardment of the coating during post-treatment can result in a densification 
of the outermost atomic layers of the coating, which may protect the AlOₓ layer and 
reduce oxygen permeation. Overall, though, these barrier results suggest that 
barrier performance of AlOₓ coated BOPP is very much base film dependent.  
When investigating the WVTR of the AlOₓ coated BOPP films, it is clear that, with 
the exception of BOPP F following pre-treatment, no significant moisture barrier 
improvement was obtained in the trials conducted, i.e., the BIF values are negligible. 
Although it should be mentioned that the WVTR was slightly better for AlOₓ coated 
BOPP D and E, which is less noticeable from the BIF values based on the fact that 
the plain films already had a marginally better WVTR, compared to the other BOPP 
films. Nevertheless, an acceptable water barrier level would be less than 1 g/(m² d), 
i.e. similar to AlOₓ coated PET or metallised BOPP (see Table 6-10 and Table 6-11). 
That good oxygen barrier has been achieved whilst still lacking water barrier 
improvement indicates that oxygen and moisture permeation through inorganic 
barrier layers are dominated by different mechanisms, as discussed in more detail in 
Chapter 4.6.2. However, plain BOPP film already has an inherently good water 
barrier, compared to plain PET (refer to Table 6-10). For BOPP F, the data 
presented in Table 6-10 also shows the importance of in-line plasma pre-treatment 
for obtaining a water barrier performance of less than 1 g/(m² d) for the AlOₓ coated 
film. Once again, the improvement of WVTR with plasma pre-treatment is attributed 
to the chemical modification and cleaning induced by the plasma treatment. It is 
assumed that any low-molecular-weight material on top of the high surface energy 
polymer skin layer (presumably transferred from the reverse side of the film, similar 
as discussed in Section 6.2.4 for the AlOₓ coating) is removed by the plasma and, 
thus, cannot compromise the depositing coating. This presumably results, along with 
the functional groups created on the treated film surface, in a better nucleation of the 
coating and therefore a denser structure, which exhibits fewer defects with a size of 
a few nanometres down to the subnanometre range (referred to as microscopic 
defects [126] or nano-defects [131]) that would predominantly affect water vapour 
permeation. 
There is a vast amount of literature published on the barrier performance of AlOₓ 
coated polymer films produced via PVD techniques, such electron beam 
evaporation [130, 245, 288-290] or sputtering [157, 164, 165, 232, 240, 290-293]. 
The focus here lies, however, on comparing the barrier results obtained in this study 
to AlOₓ coated films produced by analogous techniques, i.e. via reactive evaporation 
on a ‘boat-type’ roll-to-roll metalliser, as done in the following paragraphs. 
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The oxygen and water vapour barrier performance obtained here for AlOₓ coated 
PET is better than the barrier levels published by Barker and co-workers [16] and 
Kelly [3] for oxygen-rich and metal-rich AlOₓ layers on 12 µm PET, produced via a 
comparable deposition process (reactive evaporation of aluminium from boats with 
the application of a proprietary plasma technique). For AlOₓ coated BOPP, Kelly [2] 
states an OTR of approximately 31 cm³/(m² d) and WVTR of 3.1 g/(m² d); however, 
no details of the uncoated film (such as thickness, barrier properties or treatment) 
are revealed. Nevertheless, Kelly’s data also indicates that the WVTR was not 
significantly improved by the AlOₓ barrier layer, as was found to be the case here. 
The OTR of 31 cm³/(m² d) compares well with the values obtained for AlOₓ coated 
BOPP C (pre-treatment only and pre- and post-treatment). Furthermore, AlOₓ 
coated BOPP C revealed slightly lower WVTR when the film was aged (see Section 
6.2.1.2). A comparable WVTR was also achieved for AlOₓ coated BOPP D and E. 
The average OTR of 0.62 cm³/(m² d) and WVTR of 0.68 g/(m² d) achieved here for 
AlOₓ coated PET are, furthermore, similar to data presented by Trassl and co-
workers [40] for the reactive AlOₓ deposition onto PET, using a ‘boat-type’ metalliser 
with or without plasma assistance during deposition. Although Trassl states slightly 
enhanced WVTR values (0.3 to 0.5 g/(m² d)) when applying plasma assistance. In 
the case of AlOₓ coated BOPP, the plasma assistance results in an OTR of 25 to 
40 cm³/(m² d), which is similar to the OTR obtained in this study for AlOₓ coated 
BOPP C. Nevertheless, the plasma assisted AlOₓ deposition creates a significant 
improvement of the WVTR level to values between 0.15 to 0.4 g/(m²d), due to the 
densification of the depositing coating. Without plasma assistance, the WVTR is not 
improved, whilst the OTR ranges between 300 and 1500 cm³/(m² d) (measured at 
0 % RH) [39], which is a lot higher than obtained here for all standard BOPP films, 
apart from BOPP A. 
Misiano and co-workers [42] state an OTR of 6.4 cm³/(m² d) and WVTR of 
4.9 g/(m² d) for their reactively deposited AlOₓ barrier layer (20 to 30 nm thick) on 
12 µm PET using a two-step process (repeated four times), whereby an initially 
partially oxidised AlOₓ layer is produced, which is subsequently further oxidised 
using a reactive plasma. Hence, the barrier performance obtained here in this 
project for AlOₓ coated PET is superior, compared to the levels measured in the 
latter publication. 
Finally, the barrier results obtained by Kobayashi and co-workers [294] for reactively 
evaporated AlOₓ layers on PET should be stated, although, in their case, induction 
heating of a crucible was used. Their 35 nm thin AlOₓ coating on a 25 µm PET 
substrate showed an optical transparency comparable to that of the substrate and 
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revealed an OTR of 2.7 cm³/(m² d), which is lot higher than obtained in this thesis. 
No data on moisture barrier performance is given in the publication. 
In the following section, possible reasons for the observed differences in barrier 
properties of the various AlOₓ coated BOPP films will be discussed. 
BOPP A 
Plain BOPP A exhibited crater/dimple-shaped defects (see Sections 6.1.2.3 and 
6.1.2.4 for SEM and AFM investigations, respectively), which also appeared to be 
reproduced as defects in the AlOₓ and aluminium coating, as will be discussed in 
more detail in Sections 6.2.2.2 and 6.2.2.3. These defects are assumed to act as 
permeation pathways for oxygen molecules, hence impairing the OTR after AlOₓ 
coating and metallisation. Rossi and Nulman [144] showed in a theoretical study that 
“many small holes in a barrier layer are much more effective in compromising the 
system barrier properties than a few large holes with the same total area” and 
analogous results were obtained via numerical simulations of the permeation 
through defects in inorganic barriers layers on polymers conducted by Hanika et al. 
[156]. This is due to the better spreading of the permeating molecules within the 
polymer substrate when a larger number of defects is present. Czeremuszkin and 
co-workers [146] showed (for 13 µm PET) that, when pinholes with a diameter of 
200 nm, an average defect distance of 3.2 µm and a number density of 
1.11 x 107 cm-2 are present (surface coverage by the coating larger than 99 %), no 
barrier improvement at all can be obtained by the coating. Consequently, the vast 
amount of permeation defects (50 to several 100 nm in diameter, see Section 
6.2.2.3) found on coated BOPP A is very likely to be the reason for the poor barrier 
performance of this film. Moreover, as the defects appear randomly distributed over 
the film surface, the measured OTRs of coated BOPP A scatter heavily (large 
standard deviations) and, additionally, the presence of defects also conceals any 
effect (i.e. barrier improvement) of the in-line plasma pre- and post-treatment on the 
barrier performance. The slightly better oxygen barrier performance of metallised 
BOPP A, in comparison to AlOₓ coated BOPP A, may be explained by differences in 
the coating thickness. The AlOₓ layer is approximately 10 nm thin (refer to Chapter 
6.2.5), whilst a metallised polymer film of 2.0 OD equates to a coating thickness of 
roughly 35 nm (including oxide layers at the free surface and interface) [295]. It will, 
furthermore, be shown in Section 6.2.1.4 that with increasing the AlOₓ coating 
thickness, oxygen barrier improves, which is attributed to the permeation defects in 
the coating becoming narrowed and partially closed up. That the water barrier of 
metallised BOPP A (see Table 6-11) is a lot better than for the AlOₓ coated 
opponent is most probably due to differences in the permeation mechanisms of 
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water vapour and oxygen, as proposed by the results reported in Section 6.2.1.3, 
which indicated that the presence of ‘metallic’ aluminium enhances moisture barrier 
of the coated film (independent of defects being present in the coating). 
BOPP B 
This film will be discussed later, as observations made for the other BOPP film are 
required, in order to explain BOPP B’s barrier properties after AlOₓ coating.  
BOPP C 
BOPP C (and also all remaining BOPP films) neither exhibited crater-shaped 
defects on the uncoated film, nor permeation defects in the AlOₓ coated film (see 
Sections 6.1.2.3, 6.1.2.4, 6.2.2.2 and 6.2.2.3). However, a significant difference was 
seen after XPS analysis of the plain films, which revealed that BOPP C had 
10.4 at% oxygen in its film surface, twice as much as measured for BOPP B, D and 
E (see Chapter 6.1.3.2). The higher oxygen content, i.e. higher amount of oxygen-
containing functional groups, is assumed to result in a better nucleation and growth 
of the coating (more nucleation sites) and hence denser structure of the AlOₓ layer, 
therefore improving its (oxygen) barrier properties [151]. This would also explain that 
even without applying any in-line plasma pre-treatment, the oxygen barrier 
performance already revealed an acceptable level of 47.0 ± 5.4 cm³/(m² d). 
Moreover, it also suggests that interfering low-molecular-weight substances on the 
film surface, which probably affected the contact angle measurement and surface 
energy determination of the plain film (Chapter 6.1.3.1), must have at least (partially) 
desorbed in vacuum, thus ‘freeing’ the nucleation sites (oxygen-containing functional 
groups) and enabling the AlOₓ layer to deposit without major interference. For 
BOPP A, a larger oxygen content (compared to BOPP B, D and E) of 7.0 at% was 
also discovered. However, the effect of this on the structure/density of the coating 
and hence oxygen barrier is cancelled by the presence of defects in the AlOₓ layer.  
BOPP D and E 
BOPP D and E showed a lower oxygen content of around 4 and 5 at% (as did 
BOPP B, refer to Chapter 6.1.3.2). Consequently, the effect on nucleation, growth 
and density of the AlOₓ layer is a lot lower than for BOPP C (10.4 at% oxygen). No 
craters or permeation defects were present in the uncoated and coated films, 
respectively (see Sections 6.1.2.3, 6.1.2.4, 6.2.2.2 and 6.2.2.3). However, BOPP E 
was a heat shrinkable BOPP film and also BOPP D revealed increased shrink 
properties (see Section 6.1.4). Hence, it is assumed that these films shrink to a 
larger extent during coating deposition, due to being exposed to the heat load from 
the deposition process. This film shrinkage induces a compression of the coating, 
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therefore densifying the AlOₓ layer and improving OTR and also slightly WVTR. The 
shrinkage data presented in Figure 6-12 (Chapter 6.1.4) reveals a higher degree of 
shrinkage for BOPP E (in MD and TD), compared to BOPP D, which would explain 
the better oxygen barrier of AlOₓ coated BOPP E. A patent by Dai Nippon Printing 
[296] also suggests a heat/annealing treatment (after deposition), in order to 
improve the barrier properties of polymer films coated with vapour deposited 
inorganic oxides by shrinking the substrate film and hence increasing the density of 
the coating. 
BOPP B 
BOPP B did not show a higher oxygen content, or reveal increased shrink properties 
(refer to Sections 6.1.3.2 and 6.1.4) and, consequently, the effect of these two 
parameters can be excluded. Furthermore, this film did not exhibit craters and 
defects in the uncoated film and AlOₓ layer, respectively (see Sections 6.1.2.3, 
6.1.2.4, 6.2.2.2 and 6.2.2.3). Therefore, the barrier improvement obtained depends 
strongly on the in-line plasma pre-treatments and its effects on AlOₓ nucleation. For 
BOPP B, a vast improvement in oxygen barrier is seen when applying in-line 
treatment, with the average OTR value dropping from around 230 cm³/(m² d) to 
120 cm³/(m² d) (see Table 6-10). This effect is much greater than obtained for 
BOPP C, which inherently had more than twice as much oxygen, where the mean 
OTR dropped from 47.0 cm³/(m² d) to 35.3 cm³/(m² d) due to in-line pre-treatment. 
Consequently, the plasma pre-treatment could not induce changes to the film 
surface of BOPP C that were as significant as the ones induced for BOPP B. 
Furthermore, on additional trials carried out for BOPP B, whereby the plasma pre-
treatment power was increased, the OTR could be further decreased. 
BOPP F and PET 
BOPP F, similar to PET, represents a different polymer film surface (different 
chemistry, see Sections 6.1.3.1 and 6.1.3.2), which will affect the nucleation and film 
growth conditions for the depositing film and, thus, result in a denser (less porous) 
coating microstructure. Deng and co-workers [130] investigated AlOₓ coated PET 
and BOPP, whereby the AlOₓ layer was produced via electron beam evaporation in 
a roll-to-roll process. They found that on BOPP, the AlOₓ layer exhibited a 
microstructure with larger particles than on PET, presumably caused by a lower 
number of nucleation sites, and hence argued that the greater boundaries between 
larger particles resulted in more pathways for oxygen permeation and therefore 
higher OTR for the AlOₓ layer on BOPP. 
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For PET, the effect of film shrinkage may be neglected as a way to densify the AlOₓ 
layer, since this thermally more stable film can be expected to shrink a lot less than 
BOPP during AlOₓ deposition (see shrink properties, Section 6.1.4). This, again, 
confirms the importance of the film surface chemistry for the microstructure/density 
of the AlOₓ layer. 
BOPP F was, additionally, produced without any antiblock particles in the special 
skin layer, which will also have an impact on the barrier properties, since antiblock 
particles can result in defects in the coating (discussed in more detail in Chapter 
6.1.2.1). 
For BOPP F, the improvement of OTR (compared to AlOₓ coating on standard 
BOPP) is, additionally, due to the fact that the high surface energy skin layer has a 
lower permeability to oxygen than BOPP, as can be seen from the plain film oxygen 
barrier performance, see Section 6.1.1, Table 6-1. As described by Jamieson and 
Windle [140] and also Beu and Mercea [143], applying a thin and less permeable 
coating (e.g. polymer) to the polymer film prior to metallisation (or in this case AlOₓ 
coating) can improve barrier performance, in the case of a defect driven permeation 
through the inorganic coating due to a change of the concentration gradient in the 
polymer in the vicinity of the defects. This has also been suggested by Hanika et al. 
[149] and Langowski [126] and is further discussed for acrylate undercoats in 
Chapter 6.4.1.1. However, this cannot explain the barrier improvement seen for 
water vapour when AlOₓ coating BOPP F, since the polymer skin does not appear to 
offer a significant water barrier improvement, compared to standard BOPP (see 
Table 6-1). Therefore, it must be the nucleation and growth of the AlOₓ on a different 
polymer skin chemistry that has a major impact on moisture barrier. 
In summary, it appears to be the AlOₓ coating microstructure that determines the 
barrier properties; the denser (i.e. less porous) the coating, the better the OTR and 
also WVTR. Two ways found here to ‘densify’ the AlOₓ layer are the 
nucleation/growth of the AlOₓ itself, i.e. the number of nucleation sites as determined 
by the surface chemistry (native or treated) of the film, and the shrinkage of the 
substrate film, which leads to a compression of the AlOₓ layer. A further way to 
densify the coating would be the use of plasma assistance during deposition [38-40]. 
Moreover, densification processes can be carried out off-line after coating 
deposition, such as heat-treatment of the coated film in order to induce shrinkage of 
the polymer [296] (see also Chapter 6.2.1.6). Additionally, the ageing process of 
AlOₓ coated films (discussed later in Chapter 6.2.1.2) represents a densification 
process, as the coating is assumed to take up oxygen and/or moisture from the 
ambient and, furthermore, creep effects of the film may take place. 
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Finally, the effect of antiblock particles on the barrier performance should also be 
mentioned here. Despite BOPP E revealing a vast amount of submicron antiblock 
particles (see Section 6.1.2.2), the oxygen barrier performance was good. As stated 
before, it has been shown by theoretical and numerical studies [144, 156] that a 
large number of small defects is more effective in reducing the barrier properties of a 
coated polymer film, compared to a few larger defects with the same overall area. If 
one would assume that the majority of the antiblock particles of BOPP E would 
induce defects in the AlOₓ layer, then one would expect a far higher OTR, more 
similar to AlOₓ coated BOPP A, which revealed a vast number of defects. 
Consequently, it is argued that the antiblock particles did not necessarily create 
defects in the AlOₓ layer and that antiblock particle-induced defects may be of more 
importance when lower OTRs of AlOₓ coated BOPP are desired (e.g. less than 
10 cm³/(m² d). The DIC light microscopy, antiblock count and SEM investigations of 
plain PET (see Section 6.1.2) also showed a large amount of antiblock particles on 
PET (similar distribution to BOPP B, see Figure 6-5), but the OTR and WVTR of the 
AlOₓ coated PET were less than 1 cm³/(m² d) and 1 g/(m² d), which also here 
suggests that the effect of antiblock particle-induced defects is low. Nevertheless, as 
discussed in detail in Chapter 6.1.2, there are differences between PET and BOPP 
regarding the incorporation and embedding of the antiblock particles into the 
polymer film. 
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6.2.1.2 Ageing and transmission rate trends during barrier measurements 
In addition to the final barrier values, obtained by the barrier measurement when a 
permeation equilibrium is reached, it is also of interest to investigate the behaviour 
of the AlOₓ coated BOPP film samples during barrier measurements and the 
dependency of this behaviour on the age of the measured AlOₓ coated film sample. 
In the case of WVTR measurements, no significant barrier improvement has been 
achieved with standard packaging grade BOPP film (when samples were not aged, 
as will be shown in this chapter). It is, however, interesting to note that during the 
water vapour barrier measurement, a permeation equilibrium is never reached, but 
the measured transmission rate constantly drops, although the slope decreases with 
proceeding time. This behaviour is shown in Figure 6-13 for AlOₓ coated BOPP A 
and in Figure 6-14 for AlOₓ coated BOPP C. During these measurements, the AlOₓ 
layer is facing towards the 0 % RH side of the test cell. It is common practice when 
testing aluminium coated films to face the coating to towards the 0 % RH side, since 
it is well-known that the aluminium is attacked and corroded when facing the high 
RH side of the test cell.  
 
 
Figure 6-13: Change of WVTR during barrier measurement of AlOₓ coated BOPP A for 
samples of different ages 
As can be seen for AlOₓ coated BOPP A from Figure 6-13g, the WVTR trend begins 
from a value that is approximately equivalent to that of the plain film WVTR (see 
Table 6-1, WVTR (BOPP A) = 4 – 5 g/(m² d)) and then decreases continuously over 
                                                 
g
 The test length of barrier measurements (as shown in Figure 6-13, Figure 6-14, Figure 6-15 
and Figure 6-16) may vary, depending on permeation equilibrium. Furthermore, tests are run 
either during day/night time or over the weekend and may be stopped early, if the sample 
reveals a non-satisfactory barrier performance. 
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an extended period of 45 hours. Towards the end, the curves seem to flatten 
slightly. This behaviour is depicted for three samples of the same trial, which were 
measured 6, 94 and 688 days, respectively, after AlOₓ deposition. Whilst the 6 and 
94 days aged samples behave identically during WVTR measurement, the 688 days 
aged sample initially starts off from the same value, but then decreases at a lower 
rate. Here, it needs to be mentioned that the initial measurements were carried out 
using a RH gradient of 100 % to 0 %h and values were calculated for the typically 
stated RH of 90 %. The last measurement (688 days) was performed at a lower RH, 
after the permeation test system was changed, in order to be able to adjust the 
required RH. Consequently, the lower slope of the 688 days aged sample does not 
necessarily need to be due to the age of the sample, but may well be caused by the 
exposure to a lower RH gradient during the measurement. On a larger scale, 
though, the differences in slope and final WVTR value are only small between the 
three samples. Overall, it can be concluded from Figure 6-13 that in the case of AlOₓ 
coated BOPP A, ageing did not result in an improvement of WVTR. 
 
 
Figure 6-14: Change of WVTR during barrier measurement of AlOₓ coated BOPP C for 
samples of different ages 
AlOₓ coated BOPP C showed the same trend, with WVTR values constantly 
decreasing during barrier measurement, as can be observed in Figure 6-14. The 4 
days aged sample starts the measurement with a value, which is more or less 
identical to the uncoated film (see Table 6-1, WVTR (BOPP C) = 6 – 7 g/(m² d)). 
                                                 
h
 This is a normal and common way of measuring film samples on a Mocon Permatran-W 
3/33, because the RH can be easily adjusted to 100 % using moist sponges. The WVTR for 
the stated RH of 90 % is calculated by the software, assuming a linear correlation between 
RH and WVTR. The system can also be changed to accurately adjust the test RH between 
35 % and 90 % (as done later), which, however, requires more maintenance.  
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Nevertheless, when 571 and 721 days old samples of the same trial were 
measured, a clear difference in barrier performance was detected. Whilst for the 4 
days old sample a final WVTR value of 4.68 g/(m² d) was recorded, the 571 days old 
sample showed a final value of 3.31 g/(m² d) (note the shorter measurement length 
of 14 hours) and the 721 days old sample a value of 2.26 g/(m² d); approximately 
half the value of the initial measurement. Moreover, the starting point of the latter 
two curves is already a lot lower (for the 721 days aged sample approximately half 
the start WVTR as measured for the 4 days old sample). Consequently, for AlOₓ 
coated BOPP C, the sample age clearly improves WVTR. Similar to BOPP A, the 
slope during the two later measurements is a lot lower, which can, as stated before, 
either be due to the changed RH test conditions or the sample age. 
In general, all AlOₓ coated BOPP (including BOPP F) and PET film samples showed 
similar, constantly decreasing trends during WVTR measurement. In the case of 
BOPP F and PET, where a water barrier improvement was obtained (only two days 
ageing were required for both OTR and WVTR), the value at the start of the 
measurement was lower. 
It is, therefore, assumed that the exposure to high humidity during barrier testing 
(although the AlOₓ layer is not facing the high RH) has an effect on the AlOₓ coating 
that improves its barrier performance. Since specific (hydrophilic) interactions 
between aluminium oxide and water molecules are well-known and documented 
[297], one process that may explain this behaviour is water uptake and the resultant 
swelling of the coating due to the high RH, which prevents further water molecules 
from passing completely unhindered through the coating. A barrier improvement of 
AlOₓ coated films due to humidification and conditioning has also been observed by 
Kelly [2], who originally required this treatment in order to achieve acceptable barrier 
levels. A Japanese patent [298] also suggests a moist-heat treatment to enhance 
water vapour and oxygen barrier when films are already laminated. Vogt et al. [299] 
deposited polymer films onto a sputtered AlOₓ layer on silicon wafers and exposed 
these samples to saturated water vapour at ambient temperature (22 ± 3 °C). They 
found that water did not induce a swelling of the AlOₓ layer, but was accumulated at 
the AlOₓ/polymer interface, which shows a strong attraction towards water and acts 
in a manner similar to a desiccant. Consequently, this absorption of water has a 
great effect on the permeation of water through the polymer/AlOₓ composite and 
may be the reason for its water barrier properties. As mentioned before, the polymer 
film was deposited onto a sputtered AlOₓ layer and it may well be that no moisture 
accumulation occurs if the AlOₓ layer is deposited onto the polymer. Nevertheless, 
the measured WVTRs show that when exposed to high RH (during WVTR 
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measurement), the barrier of AlOₓ coated films does improve over time. In the case 
of standard grade BOPP films, this improvement is, unfortunately, not down to the 
desired WVTR values of less than 1 g/(m² d), unless perhaps exposure would be for 
several weeks. But in industrial practice it is not possible to measure samples for 
such an extended period of time. The differences seen in ageing of AlOₓ coated 
BOPP A and C with respect to the water barrier performance, will be further 
discussed at the end of this chapter. 
Similar to the change of WVTR during barrier measurement, the behaviour during 
OTR measurement and the effect of sample age on the measurement was 
investigated. The curves of OTR versus test time for AlOₓ coated BOPP A and C are 
shown in Figure 6-15 and Figure 6-16, respectively. 
 
 
Figure 6-15: Change of OTR during barrier measurement of AlOₓ coated BOPP A for 
samples of different ages 
As can be observed from Figure 6-15 and Figure 6-16, there is a clear dependence 
of the OTR behaviour during barrier measurement on the sample age. In the case of 
AlOₓ coated BOPP A, the OTR of the 6 days aged sample still revealed a tendency 
to drop when the test was stopped after 15 hours. It can be seen from the slope at 
the end of this measurement that even extending the measurement over another 24 
hours would not have yielded the final OTR value, which was obtained when a 
sample of the same trial was tested after 94 days, whereby a constant OTR value is 
measured from the beginning of the barrier test. It should be mentioned here, 
though, that the behaviour seen for the 94 days aged sample may have already 
been obtained with a sample of lower age. For BOPP C, a 4 days old sample 
required a measurement time of at least 45 hours to reach an equilibrium OTR of 
approximately 30 cm³/(m² d). A sample of the same trial aged for 11 days gives the 
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latter OTR value from the start of the measurement experiment. Consequently, also 
for the behaviour during OTR measurement, AlOₓ coated BOPP A and C exhibit 
some differences, in that it is assumed that for BOPP C the ageing and barrier 
improvement happened a lot faster. This indicates that the presumed ageing 
process greatly depends on the base film and its effect on the coating structure.  
 
 
Figure 6-16: Change of OTR during barrier measurement of AlOₓ coated BOPP C for 
samples of different ages 
As will be shown later, during the time after coating, an ageing process takes place, 
which is indicated by a decrease of the OD, an aspect further explored in Chapter 
6.2.7.1. The ageing process is believed to be due to oxygen and also moisture 
uptake of the coating (resulting in oxidation), as soon as the coated film is exposed 
to ambient conditions (after venting the vacuum web coater). The proposed 
incorporation of additional atoms and molecules into the AlOₓ coating (i.e. oxygen, 
water) may cause the coating to swell and densify, similar to the discussion at the 
beginning of this section with respect to the WVTR measurement. Thus, pathways 
for permeating molecules become hindered and effectively blocked.  
During barrier measurement (OTR and WVTR), the ageing process (if not yet 
completed) will presumably be accelerated by the RH and the pure oxygen (in the 
case of OTR measurement) on one side of the measurement cell, hence accounting 
for the observed behaviour during barrier measurement. 
That an ageing or swelling process plays an important role for the barrier of AlOₓ 
coated films has also been suggested by Kelly [2, 3]. As mentioned previously, he 
originally subjected the AlOₓ coating to a humidification and conditioning procedure, 
in order to obtain adequate barrier performance. Additionally, he found that the loss 
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of oxygen barrier, due to stretching or other damage of the AlOₓ coated film, could 
be recovered by exposure to high levels of RH. Consequently, it was assumed that 
exposure to high humidity led to swelling and hydration of the coating, thus 
narrowing the cracks (i.e. permeation pathways) in the AlOₓ layer. Again, this is an 
important indication of a possible swelling process governing oxygen barrier 
properties.  
The differences seen in ageing of AlOₓ coated BOPP A and C with respect to the 
water and oxygen barrier performance can be explained by differences in the defect 
coverage of these two films. As will be shown later (see Chapters 6.2.2.2 and 
6.2.2.3), the crater-shaped defects of plain BOPP A (refer to Sections 6.1.2.3 and 
6.1.2.4) were reproduced as permeation defects in the AlOₓ layer, whilst similar 
defects could not be found for AlOₓ coated BOPP C (or the remaining BOPP films). 
These defects act as pathways for the unhindered permeation of oxygen and water 
vapour and, consequently, their presence overshadows the positive effects caused 
to the film structure by the ageing/swelling process (increase in coating density due 
to the uptake of water and/oxygen). This results in the fact that the OTR of AlOₓ 
coated BOPP A needs a longer ageing time, compared to BOPP C, and that in the 
case of WVTR, no effect of ageing is seen as all the water vapour can permeate 
unhindered through the defects. 
For AlOₓ coated BOPP C, it was also observed that a stable, low oxygen barrier 
(approximately 30 cm³/(m² d)) was reached much faster than the improvement in 
WVTR. This is assumed to be due to the different permeation mechanisms of 
oxygen and water molecules (see Section 4.6.2 for more detail). Whilst the oxygen 
permeation is dominated by macroscopic defects (a few nm to several µm), water 
vapour may permeate through even smaller defects and voids (microscopic 
defects). Consequently, when the AlOₓ coating is improved in its microstructure (i.e. 
densified) during ageing, the macroscopic defects are becoming blocked a lot 
quicker, whilst the time (and oxygen/water molecules) required to further enhance 
the AlOₓ structure and gradually close up microscopic defects is a lot longer. How 
quickly this process happens, therefore, also depends on the initial (as deposited) 
density/structure of the AlOₓ layer; the better/denser the initial coating, the quicker 
will be the ageing process in terms of obtaining good barrier levels (e.g. PET is 
quicker than BOPP C, which in turn is quicker than BOPP A). An improvement of 
WVTR with time was also seen for AlOₓ coated BOPP D and F, but not B. This is 
attributed to the initially better coating microstructure of BOPP D and F (see also 
better oxygen barrier performance, compared to BOPP B, Table 6-10), caused by 
the increased shrink properties of these films. The water barrier improvement with 
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ageing time can here, furthermore, be enhanced by creep of the shrink BOPPs 
(compressive force), in addition to the swelling of the AlOₓ layer. In the case of 
BOPP B, it appears that the AlOₓ microstructure is a lot more porous and, 
consequently, no changes could be seen during the investigated time period. 
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6.2.1.3 Effect of stoichiometry of coating on barrier performance 
As mentioned previously, no significant water barrier improvement has been 
obtained for AlOₓ coated BOPP film (without extensive ageing), with the exception of 
BOPP F that had a different polymer as its skin layer. Nevertheless, when the BOPP 
films were metallised, the WVTR in all cases, even for BOPP A, was considerably 
enhanced to values of less than 1 g/(m² d), as can be noticed from Table 6-11. 
There are two main differences between the metallised and the AlOₓ coated BOPP 
films; firstly, the coating chemistry (oxide versus metal) and, secondly, the coating 
thickness. The stoichiometry of the standard AlOₓ coating was characterised using 
XPS, and it was found that the x-values range from 1.53 to 1.65, with no elemental 
(metallic) aluminium, i.e. the coating consists predominantly of stoichiometric Al2O3 
(see Chapter 6.2.3). Furthermore, the thickness of the AlOₓ barrier layer was 
determined to be approximately 10 nm (refer to Chapter 6.2.5), whilst the thickness 
of the aluminium coating of 2.0 to 2.1 OD (including surface and interface oxides) is 
roughly 35 nm [295]. Consequently, in this and the following chapter, the effect of 
AlOₓ coating stoichiometry and AlOₓ coating thickness, respectively, on barrier 
properties of the coated film will be investigated. For the first trials, the thickness of 
the coating was left approximately constant, whilst the amount of oxygen introduced 
during deposition was reduced, in order to deposit coatings with a higher aluminium 
content (darker coatings). This investigation was carried out for AlOₓ coated 
BOPP A and B (using plasma pre-treatment only) and the oxygen and water vapour 
barrier levels obtained as a function of the AlOₓ stoichiometry (x-value) are shown in 
Figure 6-17 and Figure 6-18 for BOPP A and BOPP B, respectively. Each data point 
represents an average value and standard deviations are illustrated as error bars. In 
addition to the AlOₓ stoichiometry x-value, the content of elemental (metallic) 
aluminium is shown on a secondary horizontal axis. The values in at% reflect the 
concentration relative to the total aluminium 2p peak area. Heuristically determined 
trend lines are displayed in both graphs for the change of oxygen and water vapour 
barrier properties. 
The samples of AlOₓ coated BOPP B with varying aluminium content were 
characterised in terms of stoichiometry (and elemental aluminium content), in order 
to establish a correlation between aged OD and x-value (see Chapter 6.2.3.), which 
was then used to estimate the x-values and elemental aluminium contents for 
BOPP A, where only one sample was measured via XPS. Good agreement was 
obtained between the measured sample and the calculated x-value using the 
previously established correlation. 
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Figure 6-17: Change of AlOₓ barrier performance with stoichiometry for AlOₓ coated BOPP A 
 
 
Figure 6-18: Change of AlOₓ barrier performance with stoichiometry for AlOₓ coated BOPP B 
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For both BOPP films the water vapour barrier could be improved by decreasing the 
amount of oxygen (and increasing the amount of aluminium) in the coating, i.e. 
lowering the x-value (see Figure 6-17 and Figure 6-18). For BOPP A, a gradual drop 
of WVTR can be observed, which appears to level off at x-values of less than 1.2, 
with a final WVTR value of just below 2 g/(m² d). In contrast to that, the WVTR for 
BOPP B only decreases gradually in the beginning and then drops drastically 
between an x-value of 1.2 and 1.1 to WVTR values of approximately 0.5 g/(m² d). 
The starting point in both cases (BOPP A and B) is a WVTR value similar to, or 
marginally lower than, the plain film WVTR (see Table 6-1). In the case of BOPP B, 
it was consequently possible to obtain the required water barrier levels of less than 
1 g/(m² d). Nevertheless, this is at the expense of losing transparency, since with 
increasing aluminium (metal) content, the coatings have a higher absorption and are 
grey. For BOPP A, however, the WVTR improvement was not down to the desired 
level. Furthermore, the onset of WVTR enhancement by increasing the aluminium 
content is seen for different x-values (for the two BOPP films) and, as described 
above, is more abrupt in the case of BOPP B. 
The average OTR values for BOPP A did not improve with decreasing the x-value, 
but were unaffected, with values in the range of 150 to 250 cm³/(m² d). For BOPP B, 
by contrast, OTR was also enhanced with decreasing the x-value. Whilst the OTR of 
the ‘standard’i AlOₓ coated BOPP B was roughly 110 cm³/(m² d), this value dropped 
to approximately 40 cm³/(m² d) for x-values of less than 1.1. Reasons for the 
differences seen in OTR and WVTR change with stoichiometry for the two BOPP 
films investigated will be further discussed at the end of this chapter. 
The results presented here afford an interesting insight into the permeation 
mechanisms, especially of water vapour. It seems that the aluminium metal content 
in the AlOₓ layer plays an important role in preventing moisture from permeating 
unhindered through the coating. The decreasing WVTR with increasing metallic 
aluminium content suggests that a chemical reaction or interaction between metallic 
aluminium and water molecules may take place. Aluminium is known to be a very 
reactive metal and when exposed to ambient conditions, it immediately forms an 
oxide layer on its surface that is readily hydrated by the moisture present [300, 301]. 
Consequently, any (unreacted) metallic aluminium in the coating may have the 
tendency to react and interact with water, in a manner similar to corrosion 
processes. The metallic/elemental aluminium in the AlOₓ layer could act analogous 
to a corrosion protection layer, with the unreacted metallic aluminium acting 
                                                 
i
 A ‘standard’ AlOₓ coating from hereon is defined as an AlOₓ barrier layer that has been 
deposited under standard conditions/settings, without purposely changing the stoichiometry. 
All coatings discussed so far (with varying in-line treatment) are ‘standard’ AlOₓ layers. 
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sacrificially as a scavenger for moisture (since it has a strong affinity to water). It is, 
furthermore, interesting to note that the change of AlOₓ stoichiometry did not show 
any resolvable effect on the nature of defects present on AlOₓ coated BOPP A, 
which will be discussed later in the SEM and AFM analysis of the coated films (refer 
to Chapters 6.2.2.2 and 6.2.2.3). Nevertheless, SEM images of AlOₓ (x = 1.1) 
coated and metallised BOPP A will be shown here for a better illustration and 
explanation (refer to Figure 6-19).  
 
  
Figure 6-19: SEM images of AlOₓ (x = 1.1) coated (left) and metallised BOPP A (right) 
As can be detected from Figure 6-19, both films clearly reveal defects in the coating, 
which are assumed to act as pathways for permeating molecules. Despite the 
presence of the defects, the WVTR of the AlOₓ coatings on BOPP A was improved 
with increasing the content of metallic/elemental aluminium, which gives some 
interesting information about water vapour barrier mechanisms for aluminium/AlOₓ 
barrier layers. The interpretation is as follows: despite the presence of readily 
penetrable defects in the coating, the strong reactivity of water with metallic 
aluminium may cause permeating water molecules to react preferentially with the 
metallic (unreacted) aluminium in the coating. Nevertheless, for AlOₓ coated 
BOPP B, a lower WVTR is reached than for AlOₓ coated BOPP A when the x-value 
was decreased (refer to Figure 6-17 and Figure 6-18), indicating that some water 
may still flow unhindered through the previously described defects. Furthermore, the 
presence of defects in the AlOₓ coating on BOPP A, but not B, may also explain the 
different behaviour (shape of curves) when increasing the metallic aluminium 
content, with the WVTR change for BOPP A being gradual and located at a higher 
x-value, whilst for BOPP B the change is initially gradual and then very rapid. In the 
case of the aluminium layer on BOPP A, the WVTR is better, compared to the AlOₓ 
coating with x = 1.1 (0.87 ± 0.02 g/(m² d) versus 1.86 ± 0.02 g/(m² d), see Table 
6-11 and Figure 6-17). This might be either caused by the thicker coating (35 nm 
[295] versus 10 nm, see Chapter 6.2.5) and the defects being narrowed down in 
size/diametre with increasing thickness (see Chapter 6.2.1.4) or the difference in the 
AlOₓ (x = 1.1) Aluminium 
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content of metallic aluminium. It is, however, surprising and not yet explainable that 
a metal layer of comparable thickness to the AlOₓ layer does not offer good barrier, 
neither water nor oxygen. 
There is, furthermore, some practical evidence for the proposed chemical 
reaction/interaction dominating over the permeation through defects, given by 
Langowski et al. [302]. They state that for laminated structures containing metallised 
polymer films (used for vacuum insulating panels), the OTR is very susceptible to 
defects caused by bending and defects in the sealing area, whilst the latter two 
factors appear not to be detrimental to water vapour barrier properties.  
Based on the improvement of OTR for AlOₓ coated BOPP B with increasing metallic 
aluminium content, a change (improvement) in coating microstructure is assumed to 
accompany the change in stoichiometry. A change, i.e. reduction, in the number of 
defects/pinholes (antiblock generated, coating pick-off and/or further post deposition 
damages to the coating) is anticipated to play less of a role for the OTR 
enhancement, as the same film was used and all trials were run as one set without 
stopping the web or breaking the vacuum. That no effect is seen for AlOₓ coated 
BOPP A must be caused by the defects not hindering the flow of oxygen (and the 
oxygen molecules not reacting with the metallic aluminium in the same manner as 
do the water molecules).  
Nevertheless, it still needs to be considered that further densification of the AlOₓ 
layer, possibly caused by the change in stoichiometry and/or a slight decrease in 
pressure during deposition (due to the lower amount of oxygen required for coatings 
with a lower x-values), could also lead to an improvement in water vapour barrier 
properties BOPP B. Nevertheless, for BOPP A the defects are still present and 
would allow the unhindered permeation of water vapour, unless the created ‘denser’ 
structure can hold the water molecules back in a different way, i.e. not via chemical 
interaction but possibly due to absorption (like a desiccant) or capillary reactions. 
The general trends seen here for WVTR and OTR with change of AlOₓ stoichiometry 
are in agreement with results published by other researchers for reactively 
evaporated AlOₓ barrier layers. Barker et al. [16] analysed the barrier of oxygen- and 
metal-rich AlOₓ coatings on PET and found that OTR was very similar for both, while 
WVTR was slightly improved for the metal-rich sample. Also Kelly [3] (see 
additionally European patent EP 0437946 [15]) reports on the oxygen and water 
vapour barrier of AlOₓ coated PET improving with increasing aluminium content (i.e. 
increasing OD of the coating), with the water barrier enhancement being slightly 
greater. He, furthermore, states that an excess of oxygen decreases the density of 
the AlOₓ layer, hence resulting in drastic barrier deterioration. Schiller and co-
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workers [12, 27, 28, 34, 36] presented in various publications the relationship 
between OTR/WVTR and AlOₓ stoichiometry/transparency (and later also oxygen 
flow during deposition), which exhibits an increasing trend for rising x-values (i.e. 
increasing oxygen flow). Additionally, Kobayashi et al. [294] found that when using 
excessive oxygen supply, the OTR of AlOₓ coated PET increases, whilst coatings 
with lower optical transparency had improved oxygen barrier. They argue that this is 
caused by a suboptimal coating structure exhibiting defects due to the excess of 
oxygen inhibiting surface diffusion during film growth. 
In summary, it needs to be mentioned that despite the barrier improvements 
observed (especially water barrier) when changing stoichiometry, these coatings are 
absorbing and grey in colour and, consequently, could not be rated as transparent 
barrier layers.  
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6.2.1.4 Effect of coating thickness on barrier performance 
As stated in the previous chapter, the two main differences between AlOₓ coated 
and aluminium coated BOPP are the coating chemistry/stoichiometry and the 
coating thickness. In this chapter, the effect of coating thickness on the barrier 
properties of the AlOₓ coated BOPP film will be investigated. Therefore, BOPP A 
was coated with various thicknesses of AlOₓ (using in-line pre-treatment only), whilst 
keeping the coating stoichiometry approximately constant. The coating thickness 
was determined using TEM (as described in Section 6.2.5) for a selection of the 
samples produced and a correlation between the on machine parameter of 
aluminium wire feed rate and resulting AlOₓ thickness was established, which was 
then used to obtain an approximation of the thicknesses of the remaining samples 
(refer to Appendix A3). The results of this investigation are depicted in Figure 6-20, 
with barrier properties as a function of AlOₓ coating thickness. Due to the OTR data 
scattering, especially for the lower coating thicknesses, no average values were 
calculated, but each data point represents an individual measurement. Additionally, 
heuristically determined trend lines are displayed. 
 
 
Figure 6-20: Change of AlOₓ barrier performance with coating thickness for 
AlOₓ coated BOPP A 
As can be seen from Figure 6-20, there is a clear improvement of OTR with 
increasing AlOₓ coating thickness. At a thickness of approximately 4 nm, the OTR is 
only marginally better than uncoated BOPP A, whilst from approximately 6 nm 
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onwards the OTR is enhanced. There is, however, still a large range of data 
scattering, predominantly between 5 nm and 15 nm coating thickness, which 
diminishes with increasing the AlOₓ thickness further. With a thickness of roughly 
25 nm, OTR values of 120 to 150 cm³/(m² d) could be obtained. This is, 
nevertheless, still not down to the required level of less than 100 cm³/(m² d) and, 
furthermore, the thickness in this case is more than twice the thickness (i.e. more 
material consumption) of a standard AlOₓ layer (approximately 10 nm, refer to 
Chapter 6.2.5), which has given reliable barrier properties on other films (see 
Chapter 6.2.1.1, Table 6-10). Kelly [2] also states that the advantage of a thinner 
AlOₓ layer lies in its better flexibility and crack resistance, compared to a thicker 
AlOₓ, due to the ceramic and brittle nature of the coating. 
In contrast to OTR, WVTR remains unchanged with increasing coating thickness 
and values fluctuate around 4 g/(m² d), i.e. similar to the plain film barrier 
performance. Changes in WVTR measurement length may also contribute to the 
variations seen in Figure 6-20, based on the observations described in Section 
6.2.1.2.  
The improvement detected for OTR is associated with the defects in the AlOₓ 
coating on BOPP A (refer to Sections 6.2.2.2 and 6.2.2.3 and also Figure 6-21) 
getting partially closed up and narrowed with increasing coating thickness. Hence, 
the flow of oxygen molecules becomes further hindered. WVTR is unaffected by 
these changes to the defect size, based on the different permeation mechanisms for 
oxygen and water vapour, with water vapour being able to pass through smaller 
(‘microscopic’) defects (see also Chapter 4.6.2). 
A decrease in transmission rate with increasing coating thickness has been reported 
by various researchers for different coatings, substrates and deposition techniques. 
In general, a graph showing the change of barrier properties with coating thickness 
can be divided into three zones. The initial drop (zone 1), seen when increasing 
coating thickness, is caused by the transition from nucleation and partial substrate 
coverage towards complete coverage, which is achieved at the so-called critical 
coating thickness. Based on the pinhole model, Decker and Henry [151] state that a 
coverage of at least 95 % is required in order to see an improvement by the 
application of a barrier layer, although Czeremuszkin et al. [146] showed that even 
at coverages as high as 99 % no barrier improvement at all may be obtained 
(depending on the size and number density of defects/pinholes). After the initial drop 
of transmission rate, the barrier properties remain approximately constant or drop 
further at a lower rate (zone 2, somewhere here lies the optimum coating thickness) 
until internal stress, poor adhesion and/or thermal load of the process affect the 
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coating structure (e.g. cause micro cracks) and, hence, decrease the barrier 
performance (zone 3). [155, 290, 303] 
Consequently, the graph for OTR in Figure 6-20 suggests that for the lowest AlOₓ 
thickness deposited (approximately 4 nm), the substrate surface is not completely 
covered, since the OTR obtained is very similar to the plain film OTR. SEM analysis 
of this trial (see Figure 6-21, left) did not explicitly reveal uncoated film areas. 
Nevertheless, as will be discussed in the Chapters 6.2.2.2 and 6.2.2.3, the AlOₓ 
layer was found to reproduce the underlying polymer substrate topography and no 
excessive SEM investigation was carried out for the 4 nm thick AlOₓ coating on 
BOPP A. The previously mentioned defects can be clearly seen for the 
approximately 4 nm and 25 nm thin AlOₓ layers on BOPP A (refer to Figure 6-21). 
The larger defects seen in the SEM images are created by dislocated antiblock 
particles (left image) or imprints of antiblock particles residing on the reverse side of 
the film, presumably before AlOₓ coating (see also discussion of plain film 
topography, Section 6.1.2). 
 
  
Figure 6-21: SEM images of approximately 4 nm thin AlOₓ (left) and 25 nm thin AlOₓ 
coatings on BOPP A (right) 
The critical coating thickness in the case of AlOₓ coated BOPP A appears to be 
between 5 to 10 nm, although the optimum for OTR is found for thicker AlOₓ layers. 
Moreover, the thickness range investigated here does not cover zone 3, as no rise 
in OTR is seen for the thicker AlOₓ layers. 
Generally, it can be found that the critical coating thickness strongly depends on the 
type of coating (material, chemistry), the deposition technique, the permeating 
substance and also the type of substrate [290]. Henry and co-workers [160, 290] 
showed that 5 nm are sufficient to obtain oxygen barrier properties with electron 
beam evaporated AlOₓ layers on PET, whilst for good water barrier a thickness of 
10 nm was required. By contrast, Ludwig and Josephson [304] found stable oxygen 
barrier properties for AlOₓ (electron beam) evaporated onto PET from 20 nm 
≈ 4 nm AlOₓ ≈ 25 nm AlOₓ 
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onwards. For electron beam evaporation of AlOₓ onto BOPP, Philips et al. [288] also 
reveal an effective AlOₓ thickness of 10 nm for WVTR, with water vapour barrier 
properties tending to deteriorate after 30 nm, whilst Moosheimer and Bichler [64] 
state an optimum AlOₓ thickness of 40 nm for oxygen barrier on BOPP.  
Schiller and co-workers [10] report that a 20 nm thin layer is sufficient in improving 
WVTR of reactively electron beam evaporated AlOₓ on PET (with and without 
plasma activation), whereas the optimum was located for approximately 50 nm and 
above 60 to 80 nm WVTR was found to increase. For OTR, the optimum AlOₓ 
thickness (with plasma activation) was seen for approximately 60 nm. In the case of 
reactively evaporated AlOₓ layers onto PET using resistively heated boats, Kelly [3] 
discovered an optimum thickness (for AlOₓ barrier and robustness) between 20 and 
25 nm, but explains that below 15 nm the coating appears discontinuous.  
For sputtered AlOₓ barrier layers on PET, Schiller and co-workers [32, 34] and also 
Langowski et al. [302] showed a critical thickness of 10 to 20 nm, with oxygen and 
moisture barrier properties not deteriorating up to 200 nm AlOₓ thickness. Henry et 
al. [291] measured an optimum of 30 nm, whilst Miyamoto and co-workers [175] 
found an optimum of 10 nm (for OTR and WVTR). 
As can be seen, the critical AlOₓ coating thickness found here for BOPP A falls at 
the lower end of the broad range reported in literature for AlOₓ barrier layers 
deposited by a variety of PVD techniques. 
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6.2.1.5 Barrier retention on elongation 
An important property of flexible barrier materials for further conversion (e.g. 
printing, slitting and laminating) is their resistance to damage under repetitive strain, 
i.e. the retention of barrier properties on being subjected to straining action. A test 
method to investigate this property is the so-called flex durability or Gelbo-flex test 
(ASTM test method F392 [305]), during which films are repeatedly twisted and 
compressed. This test is aimed at determining the capability of the film structure to 
endure downstream processing/converting and also the ability of the final laminated 
packaging structure to survive repetitive strain (during transports/storage/retail), 
whilst still providing the necessary barrier properties. However, the Gelbo-flex test 
may represent a very aggressive and destructive test method and can lead to a high 
variation of the results obtained, if the coated but non-laminated film is tested [303]. 
It seems therefore not applicable to use the Gelbo-flex test for determining the effect 
of further film processing on the barrier properties of the AlOₓ coated film prior to 
lamination (for Gelbo-flex of laminated and non-laminated AlOₓ coated BOPP, refer 
to Chapter 6.5.1.5).  
In order to avoid the issues related to the Gelbo-flex test, the AlOₓ coated films were 
stretched to a pre-defined strain/elongation (between 0.5 and 5 %, stretching in the 
machine direction) by a tensile testing unit (Hounsfield H10KS with QMat 5.52 
software) and, subsequently, the barrier properties were determined (test for stretch 
durability/resistance as suggested by Felts [303], however samples are measured in 
the relaxed state). This test should simulate the behaviour of the AlOₓ coated film 
during film handling (e.g. web tension during winding of the film) and give evidence 
about the effects of downstream processing on the barrier properties of the AlOₓ 
coated and non-laminated film.  
Plots of OTR and WVTR versus applied (then released) strain/elongation are shown 
in Figure 6-22 for AlOₓ coated PET, in Figure 6-23 for AlOₓ coated BOPP C, in 
Figure 6-24 for AlOₓ coated BOPP E and in Figure 6-25 for AlOₓ coated BOPP F. 
Data points represent average values, whilst error bars indicate the standard 
deviations. 
For AlOₓ coated PET (see Figure 6-22), these investigations clearly show that 
WVTR starts to deteriorate at lower levels of elongation than OTR. Furthermore, the 
shape of the two curves is completely different. Whilst WVTR starts increasing 
between 1 and 1.5 % elongation with a decreasing slope, OTR starts to deteriorate 
slowly between 3 and 4 % elongation and then increases rapidly, i.e. WVTR has a 
decreasing rate of change with elongation, whereas OTR has an increasing rate. 
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Kelly [2] found that for AlOₓ coated PET (reactive evaporation from boats, AlOₓ 
thickness 20 to 25 nm, see [3, 16]), the oxygen barrier can withstand higher 
elongations than the moisture barrier, which in his analysis was lost above 1.3 to 
1.5 % elongation. In a later publication, Kelly [3] furthermore shows graphs which 
indicate that at up to 3 % elongation OTR only increases slowly (for a transparent 
AlOₓ layer), but more rapidly beyond this value. Additionally, he reports that for 
slightly grey, i.e. metal-rich coatings, the resistance to barrier loss (oxygen as well 
as water barrier) is improved, which eases the conversion of these films. A further 
study by Barker and co-workers [17], also involving Kelly, investigated these 
coatings (metal- and oxygen rich AlOₓ on PET) for their stretching induced gas 
barrier loss towards oxygen, helium and argon using mass spectrometric 
techniques. Finally, the increase in OTR, which begins between 3 to 4 % elongation 
(refer to Figure 6-22), also agrees well with results presented more recently by 
Skinner [18]. 
 
 
Figure 6-22: Change of barrier properties upon elongation of AlOₓ coated PET 
The WVTR behaviour shown in Figure 6-22 is additionally in good agreement with 
results yielded by Schiller et al. [32, 36] (also presented later by Ludwig [37, 39] and 
Trassl [40]). Their reactively evaporated AlOₓ coatings (30 nm and 10 nm thick on 
12 µm PET, boat evaporation, no plasma assistance) started to deteriorate between 
1.0 and 1.5 % elongation, with the thinner coating enduring more elongation. 
However, they do not show how WVTR behaves with further elongation. The paper 
by Schiller et al. also suggests that plasma activation during reactive AlOₓ deposition 
can improve the retention of moisture barrier on stretch, as no substantial moisture 
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barrier loss occurred up to 1.75 % (30 nm AlOₓ) and 2.00 % elongation (10 nm 
AlOₓ). This improved flexibility is of advantage for conversion of the coated film [34].  
Further data on the barrier behaviour upon stretching is published by Felts [303] for 
60 nm thick AlOₓ layers on 13 µm PET (reactive evaporation, no information 
whether boat or electron beam). He found the onset of oxygen barrier failure to 
occur between 2 to 3 % elongation, with the OTR rising from less than 10 cm³/(m² d) 
to more than 20 cm³/(m² d) for an elongation above 4 %. Komada and co-workers 
[306] discuss the barrier retention on stretch behaviour of evaporated AlOₓ on 12 µm 
PET (no further information on deposition process or coating thickness provided) 
and indicate that beyond 3 % the OTR rises rapidly. Also these two publications 
compare well with the behaviour found here for AlOₓ coated PET. 
Data for reactively evaporated AlOₓ on 12 µm PET (25 nm thick, presumably 
electron beam evaporation) by the Toyobo Research Institute in Japan [307-309] 
shows that the OTR rises marginally up to 2 % elongation, but reaches 
approximately 20 cm³/(m² d) for 3 % and then rises severely. In graphs published by 
Langowski [310] for AlOₓ coated PET (industrial, reactive evaporation onto 12 µm 
PET, no further information provided), the gas barrier has already deteriorated for an 
elongation of 2 %; however, the stretch resistance is improved by lamination. 
Hence, the latter two publications show behaviour that is inferior compared to the 
results found in this thesis. Further results for the barrier retention on stretch 
behaviour of AlOₓ coated PET are reported by Smith at al. [311] and Lohwasser 
[312]. 
A vast amount of literature with regards to the change of barrier upon elongation is, 
also published for SiOₓ coatings on PET [146, 147, 303, 306, 311, 313, 314].  
In contrast to PET, AlOₓ coated BOPP C and also E already start losing their oxygen 
barrier at lower elongations. In the case of BOPP C (refer to Figure 6-23), this is 
between 1.5 and 2.0 % elongation when the OTR rises from values around 
30 cm³/(m² d) to more than 100 cm³/(m² d), although there is already a marginal rise 
from approximately 22 to 25 cm³/(m² d) to a value of 30 cm³/(m² d) for 1.5 % 
elongation. This is slightly different for BOPP E (see Figure 6-24). Here, OTR 
gradually increases from an initial mean value of 50 cm³/(m² d) at 0 % elongation to 
86 cm³/(m² d) for 2 % elongation. At 3 % elongation, the average OTR has gone 
beyond 150 cm³/(m² d) and for even higher elongations appears more similar to the 
oxygen barrier of uncoated BOPP E (refer to Table 6-1). For completeness, Figure 
6-23 and Figure 6-24 also show the WVTR values for the AlOₓ coated BOPP films. 
Nonetheless, as the film did not provide significant moisture barrier improvement 
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(investigations carried out before long-term ageing), the WVTR was not affected by 
the elongation and values remain largely unaffected (only fluctuations visible). 
 
 
Figure 6-23: Change of barrier properties upon elongation of AlOₓ coated BOPP C 
 
 
Figure 6-24: Change of barrier properties upon elongation of AlOₓ coated BOPP E 
Interestingly, there are few published studies on the barrier retention on elongation 
behaviour for AlOₓ coated BOPP, compared to PET. Langowski [310] shows the 
change of gas transmission rate properties, observed for different gases with 
stretching the film and reveals an initial gradual and then rapid increase starting 
from 1 % elongation onwards. Based on other publications by this research group 
(e.g. [77, 245]), it is assumed that the AlOₓ barrier layers were deposited onto BOPP 
via electron beam evaporation of Al2O3. In a later publication from the same 
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research group by Bichler and co-workers [315], they show the oxygen barrier 
retention for a laminated AlOₓ coated BOPP, which is improved, compared to the 
results for a non-laminated film shown in the previous publication. 
In the case of BOPP F (see Figure 6-25), which represents a special BOPP film with 
a different polymer skin layer, the OTR deteriorates between 2 and 3 %, though it is 
already slightly increased at 2 % elongation (from below 1 cm³/(m² d) to a mean 
value of 1.3 cm³/(m² d)). The WVTR rises rapidly between 1.5 and 2 % elongation, 
from values below 1 g/(m² d) to values similar to that of the uncoated film (see Table 
6-1).  
 
 
Figure 6-25: Change of barrier properties upon elongation of AlOₓ coated BOPP F 
In summary, for all films investigated, the trend in the OTR curve is quite similar, 
with a slow increase in the beginning followed by a rapid rise of the measured 
barrier values for higher elongations. In contrast to that, WVTR of AlOₓ coated films 
(i.e. PET and BOPP F) reveals less stretch resistance and, consequently, increases 
more rapidly at a lower level of elongation. It is, furthermore, noticeable from the 
results presented here, as well as from the literature cited, that the individual 
behaviour strongly depends on the substrate and presumably also the deposition 
technique and coating thickness. Here, it should also be mentioned that all samples 
investigated in this thesis were measured for their barrier properties in a relaxed 
state and not, as originally done by Felts [303], in a stretched state (i.e. under the 
applied tension required for elongation), which may affect the measured 
transmission rate values. Nevertheless, the publications cited here generally do not 
state under which conditions the barrier tests were carried out. 
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Another central observation is the behaviour of OTR during barrier measurement of 
the stretched film samples (predominately BOPP C and E) for elongations just 
before a significant increase of OTR (e.g. for BOPP E around 1.5 to 2 %). Here, it is 
noticeable that the OTR constantly drops during barrier measurement and, finally, 
gradually levels off, sometimes after test times of more than 50 hours. This 
behaviour is not observed for the non-stretched samples, which were aged at the 
time of the investigation (for more information on the behaviour of aged and non-
aged samples during OTR measurement, refer to Chapter 6.2.1.2). It is 
consequently assumed that the oxygen barrier at low elongation can be improved 
during barrier measurement, due to the exposure to 50 % RH. As discussed in more 
detail in Section 6.2.1.2, a swelling process is proposed take place, which may lead 
to the cracks generated being partially closed up. However, during stretching to very 
high levels of elongation, the cracks remain open to such an extent that even 
swelling of the AlOₓ cannot prevent the unhindered flow/permeation of oxygen 
through these cracks. The partial recovery of the oxygen barrier properties of 
stretched/damaged AlOₓ coated films (laminated and non-laminated) by exposure to 
high RH was also reported by Kelly [3], who attributed the improvement to a 
swelling/hydration of the AlOₓ and hence narrowing of the cracks. He also states 
that water barrier could not be recovered significantly. 
It is, furthermore, also important to look at the tensile properties and elastic/plastic 
deformation of the polymer substrate used. Therefore, force versus elongation (in 
machine direction) curves were determined for the four polymer films used and are 
shown in Figure 6-26. The force applied was normalised to a 1000 mm film width.  
As can be seen, PET is the most rigid substrate and exhibits a transition from elastic 
(linear correlation between force and elongation according to Hooke’s Law) to 
plastic deformation between 1.0 and 1.5 % elongation, which is when WVTR of AlOₓ 
coated PET starts to deteriorate (see Figure 6-22). For the BOPP films, the 
transition can be found at a lower elongation of approximately 0.5 %. In the case of 
BOPP F, this is lower than the onset of water barrier deterioration (between 1.5 and 
2 %, see Figure 6-25). However, this film is coextruded with a different polymer skin 
layer and this skin layer may have different tensile properties, compared to the main 
body (polypropylene) of the film. Due to the low thickness of the skin layer, the 
overall tensile properties determined and shown in Figure 6-26 are likely to be 
dominated by the polypropylene part of the film structure. Within an elongation 
range of 0 % to 1 % (i.e. approximately up to their elastic limits), BOPP E, BOPP F 
and PET behave nearly identically. In contrast to BOPP E and F, BOPP C requires 
significantly lower forces in order to obtain the same elongations.  
6  R E S U L T S  A N D  D I S C U S S I O N   P a g e  | 167 
 
As the samples are measured for their barrier properties after stretching, i.e. in a 
relaxed state, the elastic limit of the films is likely to be of importance. This point can 
be located beyond the linear range of the force versus elongation curve and is 
characterised by the fact that after the force is released, no permanent elongation 
remains [316]. This suggests that the higher the elastic limit and the more of the 
deformation can be recovered, the less the barrier (of the coated film, predominantly 
oxygen barrier) will be affected when the film is relaxed. As PET withstands a higher 
strain before plastic deformation sets in, the onset of barrier deterioration (see 
oxygen barrier) will be at a higher elongation level, compared to the AlOₓ coated 
standard BOPP films, which exhibit the transition from elastic to plastic deformation 
at a lower elongation. This means that due to the polymer ‘springing back’ into its 
original shape, cracks and defects, created in the AlOₓ layer by the stretching 
procedure, may be closed up again (if the coating has not detached from the 
substrate, i.e. buckled). It is consequently assumed that there is a correlation 
between elastic limit and the onset of barrier deterioration, which however will also 
be dependent on the permeation mechanism of the substances of interest (e.g. 
macro-defect dominated permeation for oxygen; additional permeation mechanisms 
through microscopic defects assumed for moisture, see Chapter 4.6.2). 
 
 
Figure 6-26: Force versus elongation curves for polymer substrates investigated 
Finally, samples of AlOₓ coated BOPP E were investigated after stretching in 
machine direction using SEM analysis. SEM images for 0, 3, 4 and 5 % elongation 
are shown in Figure 6-27. Up to an elongation of 3 %, no cracks were visible in the 
SEM images, whilst for 4 and 5 % elongation cracks propagating perpendicular to 
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the loading direction, as well as buckling of the coating (transverse to the cracks), 
can be detected. Nevertheless, the perpendicular cracks are difficult to make out. 
The buckles present areas, where the coating presumably has cracked and 
delaminated from the substrate, similar as observed during the fragmentation test 
[317, 318]. Also Kelly [3] obtained similar results for AlOₓ coated PET. He states that 
transverse cracks were visible for elongations between 3 to 5 % and additional 
longitudinal cracks appeared for higher elongations. Consequently, he argues that 
for elongations below the visible onset of cracking, additional changes, which cannot 
be imaged using SEM analysis, may take place (such as delamination of the oxide 
layer from the substrate) and affect the barrier performance of the AlOₓ coated and 
stretched film. For AlOₓ coated BOPP E (Figure 6-27), there is a further drastic 
increase in OTR, from an average value of 225 cm³/(m² d) at 3 % elongation to 
1257 cm³/(m² d) at 4 % elongation. However, for elongations of 2 % and lower, the 
mean OTR is less than 100 cm³/(m² d) (also see Figure 6-24). Consequently, the 
sudden rise of OTR is in agreement with cracks and coating buckling appearing 
between 3 and 4 % elongation.  
 
  
  
Figure 6-27: SEM images of AlOₓ coated BOPP E after stretching/elongation in machine 
direction (horizontal as indicated by arrows); images taken in relaxed state; top left: 0 %; 
top right: 3 %; bottom left: 4 %; bottom right: 5 % 
Also Czeremuszkin [146] observed no cracks for SiOₓ (70 nm) coated PET for 
elongations up to 3 % (which is in agreement with the investigations presented 
0 % 3 % 
5 % 4 % 
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here), but only detected an increased number density of defects. For elongations of 
4 % and onwards, cracks running transverse to the stretching direction emerged in 
increasing numbers. He, furthermore, found that the stretching procedure initiates 
cracks at existing defects and stress concentration sites, such as antiblock particles. 
Leterrier and co-workers [319] also state that the very first cracks are formed at 
existing coating defects sites. 
When investigating the stretched samples via SEM, a relation between barrier 
retention upon stretching and the fragmentation test, which is used to characterise 
the adhesion of coatings, can be established. During the fragmentation test, the 
coated film is stretched uniaxially, whilst the damage to the coating (i.e. crack 
formation) is investigated as a function of the applied strain/elongation. Important 
parameters determined include, amongst others, the crack onset strain (i.e. 
elongation when cracks are visible) and saturation crack density. Here, it has also 
been found that antiblock additives reduce the crack onset of strain, i.e. cracks 
appear for lower elongations, as well as cohesive strength of the coating [234, 235]. 
Leterrier and co-workers [320, 321] have additionally shown that the crack onset 
strain depends on the coating thickness and decreases for thicker coatings. 
Furthermore, in their investigations for 20 nm thick SiOₓ coatings on PET and PE, 
the crack onset strain appeared independent of the substrate [320]. Since in this 
study the AlOₓ layer is only 10 nm thin (refer to Chapter 6.2.5), this low coating 
thickness may be the reason that no cracks are visible for lower strains/elongations. 
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6.2.1.6 Heat treatment of AlOₓ coated films for barrier improvement 
On the basis of the following: 
 A patent [296] describing the positive effects of a so-called annealing treatment 
on the barrier properties of vapour deposited inorganic oxide barrier layers (such 
as SiOₓ or AlOₓ) on polymer films; 
 The good barrier results obtained when AlOₓ coating a shrink BOPP film (see 
Chapter 6.2.1.1). 
A heat treatment was carried out for selected samples of AlOₓ coated BOPP films 
(BOPP B, BOPP D and BOPP E). The temperature range explored in the patent 
mentioned previously was 30 to 150 °C. For the investigation conducted for this 
thesis, temperatures of 55 °C and 75 °C were selected, since these already resulted 
in considerable barrier improvement (depending on the annealing time) for the SiOₓ 
and AlOₓ coated polymer films investigated in reference [296] Furthermore, it was 
hoped to avoid possible heat damage (although the patent does not mention any 
damage at higher temperatures). For this study, the samples selected (see above) 
were incubated in a Carbolite oven (in air) for periods of one and two weeks, 
respectively, and subsequently the barrier properties were determined. Results are 
summarised in Table 6-12 (BOPP B), Table 6-13 (BOPP D) and Table 6-14 
(BOPP E). 
 
Table 6-12: Barrier properties (OTR and WVTR) of AlOₓ coated BOPP B following 
different heat treatments  
Temperature Time OTR WVTR 
°C days cm³/(m² d) BIF g/(m² d) BIF 
- 0 80.2 ± 3.9 - 6.16 ± 0.07 - 
55 
7 61.0 ± 3.6 1.3 5.75 ± 0.16 1.1 
14 68.4 ± 2.3 1.2 5.84 ± 0.44 1.1 
75 
7 281 ± 52 - 5.90 ± 0.01 1.0 
14 308 ± 85 - 5.79 ± 0.18 1.1 
 
As can be seen, a broad range of results was obtained, with no clear consistency of 
the heat treatments for the different films investigated. Heat treatment at 55 °C, at 
both incubation periods, slightly enhanced the OTR of BOPP B (see Table 6-12), 
whilst WVTR was unaffected. In contrast to the latter, treatment at 75 °C appears to 
have damaged the AlOₓ coated BOPP B, as a drastic deterioration in OTR was 
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observed, whilst WVTR was unaffected, as was the case previously. That no barrier 
deterioration is seen in the latter case (i.e. 75 °C) for WVTR is due to the fact that 
WVTR was only marginally enhanced from the plain film WVTR by the application of 
the AlOₓ barrier layer. 
 
Table 6-13: Barrier properties (OTR and WVTR) of AlOₓ coated BOPP D following 
different heat treatments  
Temperature Time OTR WVTR 
°C days cm³/(m² d) BIF g/(m² d) BIF 
- 0 77.1 ± 9.7 - 1.47 ± 0.09 - 
55 
7 79.7 ± 14.9 1.0 0.76 ± 0.09 1.9 
14 71.4 ± 16.8 1.1 0.89 ± 0.01 1.7 
75 
7 76.4 ± 9.2 1.0 0.89 ± 0.06 1.7 
14 75.6 ± 9.5 1.0 0.61 ± 0.17 2.4 
 
For BOPP D (see Table 6-13), the outcome is different to BOPP B. In this case, 
OTR is neither improved or impaired by the two heat treatments (although there are 
some fluctuations), whilst WVTR is enhanced for all treatment conditions. It has to 
be noted, though, that the WVTR prior to any heat treatment was already improved 
(due to ageing), compared to the values measured originally for this film (a value 
2.41 ± 0.58 g/(m² d) was previously obtained, see Table 6-10). 
 
Table 6-14: Barrier properties (OTR and WVTR) of AlOₓ coated BOPP E following 
different heat treatments  
Temperature Time OTR WVTR 
°C days cm³/(m² d) BIF g/(m² d) BIF 
- 0 48.9 ± 6.8 - 1.98 ± 0.74 - 
55 
7 46.8 ± 0.1 1.0 1.80 ± 0.15 1.1 
14 53.0 ± 0.3 - 1.71 ± 0.04 1.2 
75 
7 81.6 ± 4.0 - 1.88 ± 0.31 1.1 
14 96.4 ± 6.3 - 2.39 ± 0.11 - 
 
Finally, the heat treatment results for BOPP E (see Table 6-14) are more similar to 
BOPP B, although this film is a shrink BOPP and it was expected to show more 
similarities to BOPP D, which also exhibited enhanced shrink properties (refer to 
Section 6.1.4). The heat treatment at 55 °C left the OTR effectively unchanged 
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(based on the standard deviation obtained for the non-heat-treated film, the changes 
seen for the mean OTR are not rated as significant), whilst after the treatment at 
75 °C, the OTR is increased. This deterioration in barrier is enhanced for the longer 
treatment/incubation time at 75 °C. Also for BOPP E, the WVTR at the time of this 
investigation had already improved due to the ageing process from its original value 
of 2.86 ± 0.61 g/(m² d) (refer to Table 6-10) to 1.98 ± 0.74 g/(m² d). The 55 °C 
treatment did not induce any significant improvement in WVTR, although the 
standard deviations are reduced. After incubation at 75 °C, WVTR was unaffected 
by the one-week-long treatment, but deteriorated after two weeks. 
According to reference [296], the barrier improvement obtained by the 
heat/annealing treatment is caused by the shrinkage of the polymer substrate film or 
its surface, which induces a densification of the coating, as well as the closing of 
pores in the coating, and hence an improvement of oxygen and water vapour barrier 
properties. In this patent, a variety of AlOₓ and SiOₓ coatings (ranging from 15 to 
30 nm in thickness) were deposited onto 12 µm PET and 15 µm nylon substrates, 
using coating techniques such as PECVD, induction heating and reactive electron 
beam evaporation. For the heat treatment, a wide temperature and time range (30 to 
150 °C, 1 to 120 hours) was investigated and an improvement of WVTR and OTR 
was found in all cases, which generally increased for higher temperatures and 
longer treatment times. No barrier deterioration due to the heat treatment and 
possible heat damage are reported. However, in the investigation presented here, 
only some of the treatments resulted in a (rather small) barrier improvement and, 
furthermore, this was strongly dependent on the BOPP substrate. A possible reason 
for these findings and also the observed barrier deterioration upon heat treatment 
may be the different polymer substrate used in this project. PET and nylon, with a 
melting point/range of 265 °C and 175 to 352 °C (depending on type of nylon; for the 
most common nylon grades: 220 to 301 °C) [55], respectively, are more heat 
resistant films, compared to BOPP (melting point of crystalline PP: 186 °C [55]). The 
lower heat resistance of BOPP could be a possible reason for the observed barrier 
degradation, presumably induced by heat damage to the substrate film. 
Furthermore, the shrinkage results presented in Chapter 6.1.4 show that all BOPP 
films shrink a lot more than the PET reference film (in MD as well as TD) and 
BOPP B additionally exhibits a pronounced expansion in TD for temperatures lower 
than 120 °C (see Chapter 6.1.4, Figure 6-12). Consequently, the expansion of 
BOPP B (and hence tensile damage induced to the AlOₓ layer) may be the origin of 
the oxygen barrier deterioration for the heat treatment at 75 °C observed for AlOₓ 
coated BOPP B. On the other hand, the higher shrinkage of the BOPP films, in 
contrast to the PET film, may also be a reason for barrier deterioration, as it could 
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possibly result in compressive forces too high for the AlOₓ layer. Additionally, the RH 
during heat treatment may play a role. Although the patent [296] states that the RH 
does not need to be controlled, a higher humidity may be beneficial for barrier 
enhancement induced by the heat treatment (see argumentation on ageing, Chapter 
6.2.1.2). 
Henry and co-workers [322] report on heat induced damage of SiOₓ coated 12 µm 
PET films (electron beam evaporation) after a heat treatment of 14 hours at 60 °C. 
This treatment resulted in a deterioration of gas barrier properties, which was 
attributed to thermally induced cracks/fractures in the SiOₓ layer (determined via 
SEM and AFM analysis). Rochat et al. [286], who conducted annealing treatments 
of 12 µm PET coated with a 7 nm PECVD SiOₓ barrier layer, state that the as-
deposited and annealed samples exhibited equal oxygen barrier properties, i.e. no 
barrier deterioration was observed. Their annealing treatment consisted of a heating 
cycle from 25 °C to 150 °C and back at a heating rate of 10 °C/min and with a 10 
minute holding step at 150 °C. For sputtered SiOₓ barrier layers on PET, Iwamori 
and co-workers [323] found an improvement of OTR with annealing the samples at 
120 °C for two hours in vacuum. Nevertheless, in this case the SiOₓ oxygen content 
was decreased during annealing treatment and this change of stoichiometry may 
also entail the improved OTR. 
In summary, one can notice that annealing/heat treatments of polymer films coated 
with inorganic barrier layers have been conducted by various research groups and a 
broad variety of results was reported. Whilst some state that the barrier properties 
could be enhanced, others found that the treatment induced no changes or even 
deteriorated the barrier performance. 
Due to the drastic barrier deterioration observed for AlOₓ coated BOPP B when heat 
treatment was carried out at 75 °C, the sample incubated for 14 days at this 
temperature was further examined using SEM analysis and representative images 
at two different magnification levels are depicted in Figure 6-28. 
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Figure 6-28: SEM images of AlOₓ coated BOPP B after heat treatment at 75 °C for 14 days 
(two different magnification levels) 
After the treatment, the AlOₓ coated film exhibits distinct cracks in its coating (refer 
to Figure 6-28), which have previously not been found when AlOₓ coated BOPP B 
was examined (no heat treatment, see Chapter 6.2.2.2, Figure 6-29). It is 
consequently argued that the heat treatment induced the formation of cracks in the 
AlOₓ layer, probably due to a suspected expansion of BOPP B during heat treatment 
(see previous discussion in this chapter). No further samples, i.e. of AlOₓ coated and 
heat treated BOPP D or E, were investigated. 
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6.2.2 Surface topography and roughness 
After the characterisation of the barrier levels obtained with reactively evaporated 
AlOₓ layers on BOPP, the coated films were investigated for their surface 
topography and roughness (analogous to the uncoated polymer films), starting from 
the relatively low magnification of optical microscopy, via scanning electron 
microscopy to atomic force microscopy. 
6.2.2.1 Differential interference contrast optical microscopy 
The samples of AlOₓ coated BOPP and PET were initially analysed using DIC 
optical microscopy. However, at the magnification level provided by this technique, 
no differences could be detected between the coated and uncoated polymer films. 
This was to be expected, based on the AlOₓ coating thickness, which is in the 
nanometre range (see Chapter 6.2.5), and, therefore, cannot alter the surface at this 
magnification level. Furthermore, also Jamieson and Windle [140], who analysed 
aluminium coated PET, report that the metal layer does not affect the surface 
structure, as seen at the magnification level of DIC optical microscopy. 
Consequently, for representative DIC light microscopy images and the 
corresponding discussion of surface characteristics, the reader is referred to Section 
6.1.2.1. 
6.2.2.2 Scanning electron microscopy 
Similar to the investigation of the uncoated films, SEM analysis was carried out for 
the AlOₓ coated polymer films and representative images are shown in Figure 6-29. 
Once again, no conductive coatings (e.g. gold coatings) were applied in order to 
avoid masking the surface details and altering the surface structure. Nevertheless, 
higher magnification SEM images, e.g. as depicted in Figure 6-29, could be 
obtained for the AlOₓ coated films, in contrast to the uncoated films (see Figure 6-6), 
which is attributed to the ceramic AlOₓ layer being less affected by the electron 
beam than the soft polymer.  
In general, the AlOₓ coatings revealed the same surface characteristics and also 
textures as found for the uncoated films. For example, the wavy and bumpy 
background structures were once again detected for AlOₓ coated BOPP A, B and E 
(not visible in the specific scan shown in Figure 6-29 for BOPP A). Also the 
differences in the granular texture (coarse/fine) are noticeable in the SEM images. 
Furthermore, the observations regarding the individual antiblock particle sizes and 
distribution densities are analogous to the uncoated films. It is, consequently, 
argued that the thin AlOₓ coating reproduces the underlying plain film surface 
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topography and does not alter the fine-scale surface structure. This aspect will be 
further explored, and discussed in relation to relevant literature, in Section 6.2.2.3, 
together with the AFM analysis of the coated polymer films. 
 
  
  
  
  
Figure 6-29: SEM images of AlOₓ coated polymer films; top left: BOPP A; top right: BOPP B; 
second row left: BOPP C; second row right: BOPP D; third row left: BOPP E; 
third row right: BOPP F; bottom: PET 
BOPP A 
BOPP C 
BOPP E 
BOPP D 
BOPP B 
BOPP F 
PET 
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Schiller and co-workers [29] show SEM images (topography and cross fracture) of 
very thick (approximately 3 µm) AlOₓ layers, deposited onto PET via reactive 
electron beam evaporation with and without plasma activation. For the latter sample, 
the topography is crazed, appears ‘cauliflower-like’ and a columnar structure is 
visible at the fractured surface, whilst the former sample (with plasma activation) is 
smoother and significantly denser. Nevertheless, their results cannot really be 
compared to the surface topographies illustrated here in Figure 6-29, due to the vast 
differences in coating thickness, which will inevitably have an effect on the coating 
surface structures. 
In the SEM investigation of the AlOₓ coated films, an important and critical 
observation was once again made for BOPP A. Plain BOPP A already revealed 
crater-shaped defects in the SEM and AFM investigations (see Sections 6.1.2.3 and 
6.1.2.4, respectively) and, when investigating the AlOₓ coated film, it appeared that 
these defects were reproduced in the AlOₓ coating. From the impression given by 
the SEM images, the defects visible on the AlOₓ coated film are actually likely to be 
holes in the coating, with dimensions in the same range as the craters found on 
plain BOPP A (see Chapter 6.1.2.4 and Appendix A2 for more information on the 
plain film surface defects). It is important to discuss here the likelihood of the defects 
seen in the SEM analysis of AlOₓ coated BOPP A (Figure 6-29, top left, and higher 
resolution image, see Figure 6-30) being true holes in the coating. The SEM 
investigation shows the defects as very dark/black and distinct spots, which means 
that almost no secondary electrons are produced by these features and, therefore, 
suggests that these features are deep holes. Judging from the AFM analysis of the 
plain film surface and the cross-sections through the crater-shaped defects (refer to 
Appendix A2), it is likely that the ‘bottom’ of the craters will be coated with the AlOₓ 
barrier layer. Nevertheless, the shallow side angles of the craters, as seen in the 
AFM cross-sections, are presumably an AFM imaging artefact and it is, therefore, 
concluded that these sides are a lot steeper and not necessarily coated with the 
barrier layer (at least to the full thickness). Hence, holes are created. Furthermore, 
the barrier data obtained for AlOₓ coated and metallised BOPP A (see Chapter 
6.2.1.1) reinforces the idea of true holes (i.e. permeation pathways) in the coating, 
as neither of them showed acceptable oxygen barrier performance. Even when the 
AlOₓ thickness was increased, OTR could not be improved to less than 
100 cm³/(m² d) (see Section 6.2.1.4). The other films, by contrast, exhibited better 
oxygen barrier performance for the metallised and ‘standard’ AlOₓ coated (standard 
stoichiometry and thickness, see Sections 6.2.3 and 6.2.5) films. Consequently, it is 
concluded that the presence of holes/defects in the barrier layer is the only possible 
explanation for the barrier performance of coated (AlOₓ and aluminium) BOPP A, 
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since oxygen permeation, which is a macro-defect driven process (see Section 
4.6.2), will be drastically affected and increased by these defects. As already 
discussed in Section 6.2.1.1, Rossi and Nulman [144], who investigated the effect of 
defects in a barrier layer on the overall permeation through the coated polymer, 
came to the principal conclusion that “many small holes in a barrier layer are much 
more effective in compromising the system barrier properties than a few large holes 
with the same total area”. This finding would be in line with the vast amount of 
defects found on AlOₓ coated BOPP A and the low oxygen barrier properties 
achieved. Furthermore, Czeremuszkin and co-workers [146] indicated that a 13 µm 
thick PET film coated with a barrier layer can lose all its barrier properties, even 
though a surface coverage of more than 99 % is present. They calculated this for 
the presence of pinholes with a diameter of 200 nm, an average defect distance of 
3.2 µm and a number density of 1.11 x 107 cm-2, assuming the coating is 
impermeable, apart from the defects. The defects on AlOₓ coated BOPP A and their 
dimensions, i.e. depth and diameter, were further analysed using AFM analysis. 
Similar to the crater-shaped defects in uncoated BOPP A, the defects are roughly 50 
to several 100 nm in diameter and some tens of nanometres in depth. It can also be 
seen from Figure 6-29 that the distance between the defects generally is a few µm. 
Consequently, it appears plausible that the OTR of AlOₓ coated BOPP A is 
remarkably high. 
 
 
Figure 6-30: High-resolution SEM image of defects (and thickness variations) on 
AlOₓ coated BOPP A (centre ‘square’ is damage due to focussing) 
In addition to the defects, AlOₓ (and also aluminium) coated BOPP A showed 
surface structures that appeared to be variations in coating thickness. This is clearly 
visible for the AlOₓ coated film in Figure 6-29 (image top left) and Figure 6-30. These 
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thickness irregularities, as well as the defects, could not be found on any other AlOₓ 
coated film. Additionally, uncoated BOPP A did not show any surface texture or 
pattern similar to the thickness irregularities discovered for the AlOₓ coated film. The 
growth/thickness variations give the impression of a liquid contamination on the 
plain film surface, which is not visible in the SEM images of the uncoated film, but 
has caused the AlOₓ to grow in a different manner (e.g. less dense). Even though 
BOPP A is classified as a ‘high purity film without additive migration’, it will still 
contain the necessary stabilisers (antioxidants) and an acid scavenger. Antioxidants 
such as Irganox 1010 and Irgafos 168 are of lipophilic nature and can migrate to the 
film surface [324]. However, these antioxidants are essential and, therefore, will be 
present in all BOPP films. Acid scavengers can be based on metallic stearates, 
zeolite structures and other metallic salts [50]. Stearates are also used as slip and 
release agents in polymers and, therefore, intentionally migrate to the film surface 
[66, 325, 326]. In general, these low-molar-mass additives (slip/release additives) 
are undesirable in vacuum web coating processes since, due to their hydrophobic 
nature, they affect the wetting and adhesion of the depositing coating (metallisation) 
[92]. In order to find out whether migratory additives, such as stearates, have 
caused the growth patterns found on AlOₓ coated BOPP A, the formulations for each 
layer (three-layer structure) of the supplied BOPP films are required. However, exact 
film formulations are extremely sensitive business proprietary information. In the 
case of BOPP C, XPS analysis of the coated film revealed the presence of calcium, 
which was attributed to the additive calcium stearate being used in the BOPP film 
formulation (see Chapter 6.2.4). However, as this film did not exhibit the thickness 
variations when AlOₓ coated, it is concluded that the observed phenomenon cannot 
be caused by the use of calcium stearate as a film additive (acid scavenger). It is, 
therefore, not known what induced the growth/thickness irregularities found for AlOₓ 
coated BOPP A. 
The SEM analysis of the coated films was additionally used to investigate the effect 
of antiblock particles on the creation of visible defects in the barrier layer. To begin 
with, it should be repeated that PET, as well as BOPP E, showed a large number of 
antiblock particles of submicron size, although according to the antiblock count (see 
Chapter 6.1.2.2) BOPP E revealed substantially more antiblock particles than PET. 
It must, however, partially be acknowledged that on PET not all antiblock particles 
were necessarily captured by the antiblock counting technique. Due to the rough 
surface appearance and the high concentration of antiblock particles, one would 
have expected a lot of defects to be generated in the coating and hence impaired 
barrier performance of the AlOₓ coated films. Nevertheless, despite the vast amount 
of antiblock particles present on these films, the barrier properties after AlOₓ coating 
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were good, with the PET film revealing an average OTR and WVTR of less than 
1 cm³/(m² d) and 1 g/(m² d), respectively and BOPP E showing a mean OTR of less 
than 50 cm³/(m² d) (for the measured OTR and WVTR values refer to Table 6-10, 
Chapter 6.2.1.1). If one would assume that the antiblock particles created uncoated 
areas, i.e. defects, the OTR would be expected to be a lot higher, based on Rossi 
and Nulman’s [144] study discussed previously with regards to the permeation 
defects on AlOₓ coated BOPP A. It is, consequently, assumed that antiblock 
particles do not necessarily create defects in the barrier layer, but can be over-
coated and that good barrier performance can be obtained on films containing large 
numbers of antiblock particles. A possible explanation could be that most of the 
antiblock particles are initially over-coated by the barrier layer (if no shadowing 
effects take place) and defects are mainly created after deposition when the film is 
wound into a roll. Then, the barrier layer on top of the antiblock particles, which act 
as spacers between adjacent surfaces in the rolls of film [327], is in contact with the 
reverse side of the BOPP film (and possibly antiblock particles located on this side) 
and can be abraded at the point of contact. If both large antiblock particles of 
several microns and small, submicron antiblock particles are present, it can be 
expected that the points of contact will be predominantly on the larger antiblock 
particles. Consequently, coating damage and abrasion will preferentially occur at 
these particles, whilst the smaller ones will not create defects.  
Some of these presumably abrasion-type defects generated by the presence of 
antiblock particles are shown in Figure 6-31 for AlOₓ coated and metallised BOPP C. 
 
  
Figure 6-31: Antiblock particle generated defects in AlOₓ coated BOPP C (left) and 
metallised BOPP C (right) 
Several researchers have indicated that antiblock particles have an effect on the 
barrier levels obtained with inorganic barrier layers, such as aluminium and SiOₓ. 
Mueller and co-workers [233] show barrier results for a metallised (2.1 to 2.5 OD) 
antiblock-free BOPP film and reveal an OTR of 1 cm³/(m² d). This value is typically 
AlOₓ Aluminium 
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only obtained when metallising PET and is by a factor of approximately 20 better 
than the best OTR results obtained here for metallised BOPP (see Table 6-11, 
Chapter 6.2.1.1). The good barrier performance of this film was attributed to the 
absence of antiblock particles and hence the smoother surface and largely reduced 
number of pinholes/defects. Rochat et al. [234] deposited 10 nm thick SiOₓ coatings 
onto PET, with and without antiblock additives, and found a higher OTR when 
additives were present. Finally, also Fayet and co-workers [235] found that the OTR 
of 40 nm thick SiOₓ coatings on PET could be improved with a reduced number of 
antiblock particles on the substrate film surface. This confirms that antiblock 
particles are of importance with respect to the oxygen barrier performance after 
coating. Especially the publication regarding metallised BOPP by Mueller et al. 
suggests that, when extremely low OTR values are to be obtained, antiblock 
particles in the BOPP substrate play a major role. For PET, it should again be 
mentioned that the antiblock particles appear more incorporated into the polymer 
film and, consequently, rather create mounds (see Figure 6-29), in contrast to 
BOPP, where the antiblock particles seem to ‘lie’ on the surface and detach from the 
surface easily. These mounds are assumed to be more easily coated without 
creating defects. 
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6.2.2.3 Atomic force microscopy 
In order to confirm the SEM results and obtain additional information about the 
surface roughness of the coatings, AFM analysis was carried out. Representative 
AFM scans (5 x 5 µm²) for all films are shown in Figure 6-32 and Figure 6-33. For 
comparison purposes, the AFM scan images of the uncoated BOPP films are also 
displayed. 
As can be seen from Figure 6-32 and Figure 6-33, in all cases the uncoated and 
AlOₓ coated polymer look very similar and exhibit the same structure and surface 
characteristics. For the BOPP films, this is the previously discussed (see Chapters 
6.1.2.3 and 6.1.2.4 for uncoated films and Chapter 6.2.2.2 for AlOₓ coated films) 
granular texture with pronounced individual differences for the various films types 
and, additionally, the typical background structure. For example, the waviness and 
bumpiness can be observed in the AFM images for AlOₓ coated, as well as 
uncoated, BOPP A, B and E. Consequently, the AFM analysis of the surface 
structure is in very good agreement with the SEM results and indicates that the thin 
AlOₓ layer retains the underlying plain film surface topography and characteristics 
and, hence, is conformal to the substrate. For BOPP A, the AlOₓ layer also 
reproduces the crater-shaped defects, which can be seen from Figure 6-32, top right 
image. Furthermore, the thickness variations, discussed in detail in the previous 
chapter, were also found during AFM analysis and will be further investigated later in 
this chapter, along with the dimensions of the defects in the AlOₓ layer on BOPP A. 
The surface of PET, uncoated and AlOₓ coated, appears smoother, compared to the 
‘standard’ BOPP films. However, it can be noticed that small antiblock particles 
could hardly be avoided during AFM image acquisition on the PET film (which was 
also the case for BOPP E). The AFM images obtained for AlOₓ coated PET appear 
similar in their structure to AFM images published by Henry and co-workers [157, 
160] for sputtered and electron beam evaporated AlOₓ layers on PET, but only if 
sections of comparable area are considered. 
Some of the scans of AlOₓ coated BOPP may seem to reveal slightly finer detail, 
compared to the plain film. This may be due to the fact that the soft polymer is more 
easily affected by the scanning motion than the hard AlOₓ, or, as suggested by 
Affinito and co-workers [328, 329], due to the addition of grain boundaries and 
growth imperfections by the coating. However, with AFM analysis and interpretation 
of images one, in general, needs to be cautious (especially for small scan sizes), 
since the quality/state of the tip (i.e. tip radius) has a great impact on the quality of 
the scans, as well as the fine surface details imaged. Furthermore, additional or 
different ‘textures’ can be caused by tip contamination or an unsuitable (i.e. too 
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large) tip radius [330]. As discussed by Westra et al. [331], AFM images affected 
and convoluted by tip artefacts are not necessarily identified as they still reveal a 
granular texture, which is typical for a thin coating of columnar growth. For this 
thesis, however, a vast amount of different films (coated and non-coated) was 
investigated using different tips, as well as different AFM equipment, and 
reproducible images were obtained, which also agree with the SEM investigations. 
This leads us to the conclusion that, at the scan size shown, the AFM images 
represent the true surface of the investigated samples. 
That a thin barrier layer can exhibit the same structure as the underlying substrate 
has also been found by Moosheimer [332, 333] for electron beam evaporated 
aluminium layers (60 nm) on BOPP homopolymer film (AFM analysis of 5 x 5 µm² 
areas). In a later publication [237], this was also confirmed for aluminium layers 
deposited onto a BOPP film with a copolymer skin layer, although the SiOₓ coating 
did not reproduce the BOPP copolymer structure (here: 10 x 10 µm² areas 
investigated). No coating thicknesses were stated in the later publication, but based 
on previous work (e.g. [245, 332]) by this research group, an aluminium thickness of 
60 nm and SiOₓ thickness of 100 nm is assumed.  
For 40 nm thin AlOₓ layers electron beam evaporated onto BOPP homo- and 
copolymer films, the AFM analysis of 5 x 5 µm² areas by Moosheimer [332, 333] 
reveals that the coating does not replicate the typical homo- or copolymer surface 
texture, but is a lot smoother (RMS and Ra less than half the value of the uncoated 
film). This observation is in complete contrast to the findings of this thesis (see also 
roughness data in Table 6-15, which will be discussed later). However, Affinito and 
co-workers [329] found in their AFM investigations (10 x 10 µm²) that electron beam 
evaporated and sputtered AlOₓ layers (both 20 nm thick) on PET exhibit a surface 
topography nearly identical to the one of the underlying PET substrate. They, 
furthermore, state that additional SEM investigations [328] indicated that the coating 
does not only replicate the substrate surface topography, but also adds grain 
boundaries and growth imperfections. Deng et al. [130] investigated electron beam 
evaporated AlOₓ layers of 1 nm and 10 nm thickness on PET and BOPP, using 
1 x 1 µm² AFM scans. In the case of PET, they found that the 1 nm and also 10 nm 
AlOₓ layer revealed a different surface topography to the uncoated PET, which 
consisted of fine particles, although the roughness of all three samples was identical 
within experimental error. For BOPP, by contrast, it was difficult to identify 
differences between the coated and non-coated film as the AFM images appeared 
very similar; however, the 10 nm thin AlOₓ layer exhibited a significantly larger 
roughness, compared to the BOPP substrate and the 1 nm thin coating.  
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Figure 6-32: 5 x 5 µm² AFM scans of uncoated (left column) and AlOₓ coated (right column) 
polymer films; from top to bottom: BOPP A, BOPP B, BOPP C and BOPP D 
BOPP A 
BOPP B 
BOPP C 
BOPP D 
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                       Uncoated                       AlOₓ coated 
  
  
  
Figure 6-33: 5 x 5 µm² AFM scans of uncoated (left column) and AlOₓ coated (right column) 
polymer films; from top to bottom: BOPP E, BOPP F and PET 
As can be seen from the referenced literature, the findings (i.e. conformal coatings 
or not) of the various researchers differ and appear to depend on the substrate 
material, the type of coating, the coating thickness and presumably also the AFM 
scan size selected for the investigation. The use of a smaller AFM scan size, whilst 
still obtaining good resolution images, may also lead to differences being detected 
between the coated and non-coated substrate in the case of the samples produced 
BOPP F 
PET 
BOPP E 
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and analysed in the course of this work. This investigation was, nevertheless, not 
carried out. 
Figure 6-34 depicts a 10 x 10 µm² scan acquired on AlOₓ coated BOPP A. This AFM 
image clearly reveals that the previously described coating/growth irregularities are 
true variations is coating thickness, as can be detected from the change in 
colouration along the line running nearly vertically through Figure 6-34 (see red 
arrow). Due to the surface texture, however, the thickness change is only visible at 
the step edge (a change of approximately 10 nm is measurable in some AFM cross-
sections) and, otherwise, is concealed by the surface morphology. A thickness 
change of 10 nm is quite remarkable, considering that the thickness, as determined 
via TEM, is approximately 10 nm (see Chapter 6.2.5). It is, nevertheless, still 
assumed that the AlOₓ coating is present at both sides of the ‘step-edge’ and that 
the thickness irregularities are not caused by large uncoated areas (although at the 
‘step edge’ itself, uncoated areas may exist). The defects were found to have similar 
dimensions to the craters in the uncoated film (refer to Chapter 6.1.2.4) with 
diameters between 50 nm and several 100 nm and some tens of nanometres in 
depth. 
 
 
Figure 6-34: 10 x 10 µm² AFM scan of AlOₓ coated BOPP A showing defects and 
thickness irregularities 
The AFM analysis was additionally used to assess the surface roughness of the 
coatings. Therefore, several scans per film type (in general at least five) were 
acquired on different areas to obtain the mean values for RMS and roughness 
average. If possible, antiblock particles were avoided in the scanned areas. The 
results of this analysis are summarised in Table 6-15.  
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Table 6-15: Surface roughness in terms of RMS and Ra values (mean value and standard 
deviation) of uncoated and AlOₓ coated polymer films, determined from 5 x 5 µm² AFM scans 
Film Description 
RMS Ra 
nm nm 
BOPP A 
Uncoated 4.1 ± 0.7 3.3 ± 0.5 
No plasma 4.7 ± 0.8 3.7 ± 0.6 
Pre 4.1 ± 0.6 3.3 ± 0.5 
Pre + post 4.1 ± 0.6 3.2 ± 0.5 
BOPP B 
Uncoated  6.1 ± 1.9 4.8 ± 1.6 
No plasma 6.3 ± 1.2 5.0 ± 0.9 
Pre 5.8 ± 0.9 4.6 ± 0.7 
Pre + post 6.0 ± 0.7 4.8 ± 0.6 
BOPP C 
Uncoated  4.1 ± 0.3 3.3 ± 0.2 
Pre 4.6 ± 0.2 3.6 ± 0.2 
Pre + post 4.3 ± 0.3 3.4 ± 0.2 
BOPP D 
Uncoated 6.2 ± 0.5 4.9 ± 0.4 
Pre 7.7 ± 0.8 6.1 ± 0.7 
BOPP E 
Uncoated 4.4 ± 0.7 3.5 ± 0.5 
Pre 4.7 ± 0.4 3.7 ± 0.3 
BOPP F 
Uncoated  3.0 ± 0.3 2.3 ± 0.3 
No plasma 3.3 ± 0.1 2.6 ± 0.1 
Pre 3.2 ± 0.3 2.5 ± 0.3 
Pre + post 3.0 ± 0.3 2.4 ±0.3 
PET 
Uncoated 1.7 ± 0.3 1.3 ± 0.2 
Pre + post 1.8 ± 0.3 1.4 ± 0.3 
 
On all the film samples, with the exception of BOPP D, the AlOₓ coating has very 
similar or sensibly identical roughness parameters (within experimental error) to the 
uncoated substrate (Table 6-15). BOPP D was the only sample on which the AlOₓ 
layer was considerably rougher than the uncoated substrate, although in the AFM 
images the structure of the uncoated and coated film appeared very similar. In the 
case of BOPP D, this may be due to the film’s shrink properties (see Chapter 6.1.4), 
which are argued to play a major role for the barrier properties after AlOₓ coating 
(refer to Chapter 6.2.1.1). It is assumed that the shrinkage of BOPP D during and 
also after deposition (when the film cools down) results in a change of the coated 
film surface, hence inducing the increased roughness. Also BOPP E was a shrink 
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BOPP and exhibited good oxygen barrier properties after AlOₓ coating (see Chapter 
6.2.1.1). Nevertheless, the surface roughness of the AlOₓ coated film is not 
significantly larger than the roughness of the uncoated substrate, which may be 
caused by the wavy background texture concealing the shrinkage effect on the 
measured roughness data. 
Finally, it should be stated that the roughness of the coated BOPP films appeared to 
be dynamic and exhibited a change with time, presumably due to the ageing 
process of the coating (swelling of AlOₓ and creep of substrate, refer to Section 
6.2.1.2). The topographical appearance in the AFM images, though, remained 
merely unaffected by the age. When the roughness of AlOₓ coated BOPP C was re-
assessed more than one and a half years later, the RMS of the pre-treated sample 
was substantially increased from 4.6 ± 0.2 nm to 5.7 ± 0.6 nm and the RMS of the 
pre- and post-treated sample from 4.3 ± 0.3 nm to 5.0 ± 0.3 nm. 
Deng et al. [130], who used electron beam evaporation to deposit 1 nm and 10 nm 
AlOₓ layers onto PET and BOPP, found the roughness of the substrate and the 
coatings was the same only in the case of PET. For polypropylene, the 10 nm AlOₓ 
layer showed increased roughness, relative to the plain film (the thickness of the 
coatings investigated in this thesis is identical, see Section 6.2.5; however, Deng et 
al. [130] used a smaller scanned area (1 x 1 µm²)). Therefore, they hypothesised an 
island growth mechanism for the AlOₓ layer on polypropylene and a layer-by-layer 
growth mechanism on PET, after the initial stage of nucleation. The work presented 
here, however, suggests that there is no difference for BOPP, compared to PET, as 
for each BOPP film type (apart from BOPP D), the plain and AlOₓ coated film 
showed similar/identical surface roughness. Moreover, also Henry et al. [232] 
discovered that sputtered AlOₓ layers (5 to 17 nm thick) on PET exhibit similar 
roughness to the uncoated PET substrate. In later publications, Henry and co-
workers [160, 290] investigated a range of AlOₓ, AlOₓNy and SiOₓ coatings on PET, 
which were produced via sputtering, electron beam evaporation and plasma 
assisted electron beam evaporation, with thicknesses ranging between 10 nm and 
57 nm. In all cases, the roughness of the coating was similar to that of the PET 
substrate. Low and Xu [240] produced 8 nm and 80 nm thin AlOₓ barrier layers on 
various polymer substrates via sputter deposition. They state that the thin 8 nm 
coating followed the surface topography of the substrate, but with increased 
roughness, whilst the fully grown 80 nm coating revealed a comparable roughness 
to the substrate. 
The surface roughness of a barrier coating has been discussed by many 
researchers as playing a critical role in the barrier performance of the coating. 
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Phillips and co-workers [242, 288] used AFM analysis to investigate electron beam 
evaporated AlOₓ and SiOₓ layers (of comparable/identical thickness) on PET and 
BOPP. For both substrates, they found that the AlOₓ layers were considerably 
smoother than the SiOₓ layers and, furthermore, exhibited better moisture barrier 
properties. Hence, they assumed that a correlation between water vapour barrier 
and surface roughness of the coating exists. Also Garcia-Ayuso et al. [334], who 
deposited AlOₓ, SiOₓ and mixed (SiOₓAly) coatings onto commercial 12 µm PET film 
by a variety of techniques, including chemical vapour deposition and electron beam 
evaporation, found that coatings exhibiting a smaller roughness than the PET 
substrate had better water barrier properties than coatings with larger mean RMS 
values. This relationship could, however, only be established when a small AFM 
scan size of 0.5 x 0.5 µm² was applied. The same correlation between moisture 
barrier and coating RMS (over 1 x 1 µm² areas) was found by Miyamoto and co-
workers [175] for transparent barrier layers deposited onto PET film with acrylate 
undercoats. In the case of oxygen barrier performance and a possible correlation 
with coating roughness, Erlat et al. [129] discovered that smoother PECVD SiOₓ 
coatings on PET had lower OTRs (also here roughness was obtained from 
1 x 1 µm² scan areas).  
Nevertheless, Henry et al. [157] indicated that they could not find a clear relationship 
between water barrier and roughness of sputtered Al and AlOₓ coatings on PET. 
Also in later publications by Henry et al. [160, 290], where a variety of AlOₓ and SiOₓ 
coatings deposited onto PET via a range of techniques was analysed, no correlation 
between barrier performance and coating roughness could be recognised. 
Nevertheless, it was stated that, despite the comparable coating roughness, the 
coatings exhibited a different grain size (determined from 1 x 1 µm² AFM scans), 
which was smaller for the sputtered coatings, in comparison to the electron beam 
evaporated coatings. It was, consequently, argued that a smaller grain size 
(corresponding to a low density of small pores) reflects a denser coating structure, 
which in turn entails better water barrier performance. This correlation between grain 
size or packing density and water barrier properties has also been found for 
sputtered AlOₓNy coatings on PET [159, 335] and similar results were, additionally, 
published by Garcia-Ayuso and co-workers [336]. Hanika et al. [156] discovered, 
though, the exact opposite for aluminium coatings evaporated onto BOPP. In their 
case, a sample with low water barrier properties revealed smaller grains than a 
sample with better barrier performance, as identified from 1 x 1 µm² scans. Hence, 
they concluded that a smaller grain size results in more grain boundaries and thus 
more permeation pathways for water vapour. 
190 | P a g e  6  R E S U L T S  A N D  D I S C U S S I O N  
 
Based on the referenced literature, the AFM investigation of surface areas of 
1 x 1 µm² or less may give some vital information on possible differences in the 
surface structure induced by the coating, as well as water barrier performance of the 
AlOₓ coated film. With respect to the latter, it can be seen that BOPP F and PET 
(coated and uncoated) exhibited a lower surface roughness than all the standard 
BOPP film (coated and uncoated) and, additionally, they also showed good moisture 
barrier levels after AlOₓ coating (refer to Table 6-10, Chapter 6.2.1.1). Hence, this 
agrees with some of the referenced literature stating that a smoother coating will 
exhibit better WVTR. Nevertheless, it is not assumed that this is the reason for the 
differences seen in water barrier performance between the different AlOₓ coated 
films, but that the nano-structure of the coating (as affected by the polymer surface 
chemistry and coating nucleation/growth) plays a more important role. This nano-
structure appears not to affect the roughness of the AlOₓ coating, as measured by 
AFM, i.e. it is beyond the resolution of this analytical technique at the chosen scan 
size of 5 x 5 µm². Overall, it is argued that the surface roughness of the polymer 
films (coated and uncoated) is not the governing factor for the barrier performance 
after coating and, hence, that no correlation between coating roughness and 
moisture/oxygen barrier is present. 
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6.2.3 Coating stoichiometry 
The stoichiometry of the AlOₓ barrier layers was determined using XPS analysis. In 
order to prevent a distortion of the stoichiometry results, etching was carried out to 
remove absorbed water present on the AlOₓ coating, any carbon contamination and 
surface hydroxides. Therefore, an area of approximately 3 x 3 mm² (larger than the 
investigated area, which is an elliptical spot with a transverse diameter of 800 µm) 
was etched using a 3 kV (1 µA) argon ion beam. Three to four levels of etching (60 
seconds each) were performed for each sample. It was found that after the first etch 
most of the carbon contamination had already disappeared, and in the case of 
‘standard’ AlOₓ coatings the stoichiometry (x-value) did not change with increasing 
etch levels. Additionally, on some samples, a complete depth profile was performed 
(see Figure 6-35). In order to evaluate the raw XPS data obtained, the sensitivity 
factors according to Scofield [212] were used, as these were recommended by the 
equipment manufacturer based on Al2O3 reference sample tests. Preferential 
sputtering of oxygen during the argon etching of the AlOₓ layer, which would affect 
the stoichiometry measured by XPS, was shown not to take place in the case of 
Al2O3 and, furthermore, no lower aluminium oxides are formed (i.e. no reduction of 
Al2O3 during argon ion bombardment) [337, 338]. 
Figure 6-35 shows an XPS depth profile obtained for AlOₓ coated BOPP C. The trial 
selected was performed using in-line plasma pre- and post-treatment. 
 
 
Figure 6-35: XPS depth profile of AlOₓ coated BOPP C following plasma pre- and post-
treatment 
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The etching time was not converted into AlOₓ thickness, since the etch rate for the 
AlOₓ coatings is not known and may also change during depth profiling (e.g. near 
the interface). Instead, TEM analysis was used for AlOₓ thickness determination; 
refer to Chapter 6.2.5. 
There are several important observations that can be made from Figure 6-35. 
Firstly, there is a large amount of carbon based contamination (approximately 
30 at%) on top of the AlOₓ coating (see also investigations of AlOₓ surface energy, 
Chapter 6.2.4). This amount significantly reduces with etching of the surface. That 
there is still a carbon signal after removing the surface contamination can be caused 
by surface roughness and shadowing effects. Secondly, during etching, argon is 
implanted into the AlOₓ layer (approximately 2.5 at%). This is due to the coating 
being a ceramic, and consequently, hard material. As soon as the AlOₓ-polymer 
interface is reached, the argon signal drops, since the argon ions can travel a lot 
deeper into the soft polymer and, hence, are not detected by the XPS analysis. After 
an etching time of around 1000 s, the Argon signal is roughly 0 at%, which indicates 
that the polymer substrate is now predominantly etched. Furthermore, it was found 
that x-values were slightly reduced from x = 1.7 at the surface (in general, the x-
value is between 1.7 and 2.0 for the non-etched sample), down to around 1.6, after 
the initial etching period; the dashed/dotted line in Figure 6-35 effectively illustrates 
this effect. After more extended etching times (greater than approximately 1000 s), 
the x-values begin to drop and cease to become valid, due to removal of the coating 
(i.e. the polymer is etched excessively). Overall, there is no change of stoichiometry 
with coating thickness (i.e. no gradient), apart from the increased x-value on the 
coating surface due to the presence of aluminium hydroxide and absorbed water. 
This agrees with the XPS sputter depth profile of an oxygen-rich AlOₓ layer 
deposited onto PET that has been published by Barker and co-workers [16]. They 
also show the initial carbon based contamination, which diminishes to a very low 
level after the etching starts. Furthermore, also here the oxygen and aluminium 
amounts remain approximately constant throughout the coating thickness, hence 
indicating the absence of a stoichiometry gradient in the coating. Nevertheless, if 
one would calculate the x-values based on the XPS peak areas given in their depth 
profile, this would result in x-values of less than one (as the aluminium line runs 
above the line for oxygen). This is surprising, based on the fact that no elemental 
aluminium was present for this sample and, hence, it is assumed it would be Al2O3 
(as also stated in one of their earlier publications [2]). It can only be assumed that 
the peak areas shown have not yet been corrected using the relative sensitivity 
factors for the individual elements. The results found here are, moreover, different 
from a German patent [339] describing the deposition of reactively evaporated AlOₓ 
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barrier layers. In this patent, the AlOₓ coatings have a stoichiometry gradient, which 
exhibits a very thin but sub-stoichiometric layer with a maximum of metallic 
aluminium near the substrate interface. In the investigations carried out in this 
thesis, neither a stoichiometry gradient nor metallic/elemental aluminium were 
detected.  
Further selected samples of AlOₓ coated BOPP and the PET reference film (all 
samples aged by the time of XPS measurement) were investigated for their 
stoichiometry using three to four levels of etching. In the case of BOPP C, the x-
value is taken from the depth profile shown in Figure 6-35. The results are 
summarised in Table 6-16. Also stated are the ODs at the time of the XPS 
measurement. Each x-value represents the average value over the etch levels 
performed and, additionally, standard deviations are given. In order to show the 
variation in x-values, two decimal places are displayed, although, given the accuracy 
of the analysis and variations seen within one sample, only one decimal place is 
reasonable to characterise the stoichiometry.  
 
Table 6-16: AlOₓ stoichiometry of coated polymer films, as analysed via X-ray photo electron 
spectroscopy 
Film Plasma treatment 
Stoichiometry 
x-value 
OD 
BOPP B 
Pre 1.53 ± 0.03 0.03/0.04 
Pre + post 1.61 ± 0.02 0.03 
BOPP C Pre + post 1.57 ± 0.03 0.04 
BOPP E Pre 1.64 ± 0.03 0.04 
BOPP F 
Pre 1.64 ± 0.02 0.03/0.04 
Pre + post 1.60 ± 0.04 0.04/0.05 
PET Pre + post 1.65 ± 0.03 0.04 
 
As can be detected from Table 6-16, the x-values range from approximately 1.53 to 
1.65 and no differences in stoichiometry are seen by the application of an additional 
plasma post-treatment. Furthermore, no elemental (i.e. metallic) aluminium was 
found, but all aluminium was in an oxidised state. This indicates that the AlOₓ layer 
consists principally of stoichiometric Al2O3, although for some samples the x-value is 
marginally higher than the stoichiometric value of 1.5. Slightly increased x-values 
have also been reported by Kim et al. [340] for PECVD deposited AlOₓ layers, which 
could be reduced by annealing-treatments. For (non-reactive) magnetron sputtered 
AlOₓ layers, Segda and co-workers [341] and Cueff et al. [342, 343] obtained 
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stoichiometric or oxygen-rich films (x-values ranging from 1.46 to 1.93), depending 
on the individual deposition conditions, such as plasma pressure. In the case of 
reactively electron beam evaporated AlOₓ layers, Zywitzki and co-workers [344, 345] 
report nearly stoichiometric AlOₓ coatings with x-values ranging from 1.43 to 1.67 
(with and without plasma activation), whilst Schiller et al. [33] obtained values 
between 1.50 and 1.55 for plasma activated deposition. Finally, Misiano and co-
workers [42] report x-values of 1.8 and 1.9 for approximately 20 and 30 nm thick 
reactively deposited AlOₓ barrier layers. These results indicate that a slight excess 
of oxygen in the AlOₓ (Al2O3) can be normal and generally is affected by the specific 
deposition conditions, as well as the deposition process. 
Kelly [2] and Barker et al. [16] state that their analysis of reactively evaporated AlOₓ 
barrier layers on PET (20 to 25 nm, boat evaporation) revealed that these 
substantially consisted of Al2O3, if the coatings were clear (i.e. oxygen-rich), and an 
Al2O3 matrix with finely dispersed aluminium metal crystallites, if they were grey (i.e. 
metal-rich). Also the coated films analysed in this thesis were transparent (OD 0.03 
to 0.04, see Table 6-16, plain film OD for BOPP: 0.03, PET: 0.04). The XPS analysis 
of absorbing (‘greyish’) coatings will be discussed at the end of this chapter. 
It is worth mentioning here that the use of sensitivity factors according to Wagner 
[346, 347] resulted in calculated x-values of 2.4 to 2.6, which is a lot higher than the 
value of 1.5 for Al2O3. Consequently, this would be more representative for a coating 
consisting of aluminium oxyhydroxide AlO(OH) and aluminium hydroxide Al(OH)3. 
Nevertheless, the instrument supplier confirmed that this was the case when 
analysing an Al2O3 reference sample, as they obtained an x-value of 1.48 using 
Scofield and 2.48 when using Wagner. Consequently, Scofield sensitivity factors 
were used for all XPS data presented in this thesis. X-values between 2.2 and 2.6 
have, for example, been reported by Maiti and co-workers [348] for electron beam 
evaporated AlOₓ layers. They state that sensitivity factors supplied with the 
instrument were used, but do not give further information. 
In addition to the analysis of ‘standard’ AlOₓ coatings, AlOₓ coatings whereby the 
stoichiometry was purposely changed in order to yield a higher aluminium content 
were analysed using XPS. These coatings were deposited onto BOPP A, as well as 
BOPP B, using in-line plasma pre-treatment only (see also corresponding barrier 
results in Section 6.2.1.3). For this investigation, the coating thickness was left 
approximately constant whilst the amount of oxygen introduced was changed. This 
resulted in ‘greyish’, absorbing coatings. In the case of BOPP B, all these coatings 
were also analysed for their stoichiometry and elemental/metallic aluminium content 
using XPS. As for the ‘standard’ AlOₓ coatings, the samples were subjected to three 
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levels of etching at 60 seconds each, in order to remove surface hydroxides and 
carbon based contamination. Nevertheless, this time it was found that with 
increasing the etching time, the x-value did not remain constant but dropped further 
for all ‘greyish’ samples, indicating a stoichiometry gradient through the coating 
thickness. Consequently, the x-value obtained for the ‘deepest’ etch (180 seconds) 
was used to characterise the coatings. The fact that for metal-rich AlOₓ coatings the 
stoichiometry is not constant across the coating thickness has also been shown in 
depth profiles by Barker et al. [16], who found that the oxygen content initially 
dropped quickly and then rose slowly back to the same level, when the etching 
depth moved closer towards the coating-polymer interface.  
Whilst for the ‘standard’ AlOₓ coatings (see Table 6-16), no metallic aluminium was 
detected, the investigation of ‘darker/greyish’ AlOₓ coatings did reveal the presence 
of metallic/elemental aluminium. This can be detected from high-resolution XPS 
spectra of the aluminium 2p (Al2p) peak. The peak for oxidised aluminium is around 
a binding energy of 74 to 75 eV, whilst the peak for elemental aluminium emerges at 
around 72 to 73 eV [349]. The progression of the Al2p peak with changing AlOₓ 
stoichiometry (for coatings on BOPP B) is depicted in Figure 6-36. In order to 
highlight the differences in stoichiometry between the samples, two decimal places 
are given for the x-values.  
 
 
Figure 6-36: High-resolution XPS spectra of Al2p peak for AlOₓ coatings on BOPP B of 
various stoichiometries (after 180 seconds argon ion etching) 
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variations from the binding energies given in literature can be caused by the fact that 
all peaks have been referenced to the C1s peak at 285 eV, in order to compensate 
the occurrence of charging effects. Furthermore, Figure 6-36 shows that as the x-
value decreases, the height of the 72 eV peak (for aluminium metal) increases in 
intensity, whilst the 75 eV peak (for oxidised aluminium) reduces in intensity. 
Overall, this indicates that with a reduction in x-value, the amount of metallic 
aluminium in the AlOₓ coating increases. The sample with x = 1.53, i.e. ‘standard’ 
AlOₓ (dark red line in Figure 6-36), did not contain any elemental aluminium, hence 
no peak at 72 eV is noticeable. This is, once again, in agreement with XPS results 
by Barker and co-workers [16], who found no metallic aluminium in their oxygen-rich 
AlOₓ coating, but for the metal-rich AlOₓ coating the XPS spectrum clearly revealed 
a peak for elemental aluminium, in their case at 72.3 eV. Hoffmann and co-workers 
[289] state that an insufficient amount of oxygen, i.e. increased amount of 
aluminium, during reactive electron beam evaporation of aluminium leads to 
absorbing coatings, which consist of a mixture of Al2O3 and aluminium. Also Yoon et 
al. [350], who used plasma activated reactive electron beam evaporation, state that 
sub-stoichiometric, i.e. aluminium-rich, dark films were deposited at lower oxygen 
pressure, whilst at higher oxygen pressure the coatings were clear and approached 
the x-value of stoichiometric films. 
With the XPS results obtained for BOPP B, a correlation was established between 
the aged OD of these coatings (measured after six months, i.e. the values had 
stabilised, as also stated in reference [15]) and the x-value, as well as a correlation 
between the x-value and the content of elemental aluminium. These correlations 
(Figure 6-37 and Figure 6-38) are very good with coefficients of determination of 
R² = 0.94 and R² = 0.99, respectively, being obtained. The amount of 
elemental/metallic aluminium is given in at%, which reflects the concentration 
relative to the total Al2p peak area. 
Also shown in Figure 6-37 and Figure 6-38 are the results for one measurement 
performed on a sample of ‘dark’ AlOₓ on BOPP A (blue triangle, this sample has not 
been used to establish the linear correlation). It is evident that this measurement on 
BOPP A is in very good agreement with the correlation obtained for BOPP B. The 
relationships established here were used to determine the x-value, as well as the 
elemental aluminium content, of AlOₓ coatings on BOPP A with varying 
stoichiometry, which were not assessed using XPS analysis. The results were then 
applied to create the graphs for the investigation of barrier properties as a function 
of AlOₓ stoichiometry on BOPP A (see Chapter 6.2.1.3, Figure 6-17).  
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Figure 6-37: Correlation between aged OD of AlOₓ coatings on BOPP films and 
stoichiometry (x-value), as determined via XPS 
 
 
Figure 6-38: Correlation between AlOₓ stoichiometry (x-value) and content of elemental 
aluminium, as determined via XPS 
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6.2.4 Coating surface energy and contact angles 
Coating surface energy is an important factor to be considered for conversion of 
vacuum coated films, such as printing or laminating on top of the barrier layer. 
These process steps require a high surface energy, as this usually results in better 
wetting of inks or the adhesive used for lamination. Good wetting, in general, is the 
first step towards good adhesion. For lamination, for example, a surface energy of 
more than 38 mN/m is required [34]. 
The AlOₓ coated BOPP films were analysed at regular time intervals using contact 
angle measurement to investigate any change of surface energy that may take 
place. During the extended time period of 700 days, which was investigated, 
samples swatches were stored under ambient conditions (approx. 20 ± 3 °C) without 
precise control of environmental parameters, since this is seen as a more realistic 
approximation to the storage conditions of industrial film rolls. Surface energy results 
for AlOₓ coated BOPP A, B, C and F are plotted as a function of time in Figure 6-39. 
Additionally, the graph shows the surface energy measured for an AlOₓ coated PET 
reference film. Whilst the experiment for BOPP A, C and F was run in parallel (as all 
samples were AlOₓ coated at around the same time), the measurements of AlOₓ 
coated BOPP B and PET were started later, due to these films being produced at a 
different time. Each data point in Figure 6-39 is made up of an average of five 
replicate surface energy determinations; the error bar represents the standard 
deviation. 
 
 
Figure 6-39: Change of total surface energy of AlOₓ coated BOPP films with storage time (in 
days after coating process); arrows mark time of XPS measurements 
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For AlOₓ coated BOPP A, which was initially analysed only hours after coating (the 
other samples were not), a rapid decrease of the total surface energy from an 
average starting value of 57.0 ± 0.9 mN/m to a value of approximately 46 mN/m is 
visible within the first 50 days after coating. This is followed by a further decay at a 
lower rate until around 175 days of age. From this time onwards, there is a still 
measurable, but very slow, decline with a final value of 38.3 mN/m after 699 days. 
AlOₓ coated BOPP F behaves nearly identically to BOPP A, and also BOPP C 
shows similar behaviour, although the average AlOₓ surface energy is somewhat 
higher than for the other films (curve shifted upwards by approximately 4 to 5 mN/m, 
see Figure 6-39). However, over extended time periods, AlOₓ coated BOPP C 
appears to approach surface energy values similar to AlOₓ coated BOPP A and F. 
BOPP B was coated later in the project and, consequently, could not be analysed 
for the same length of time. The values obtained for AlOₓ coated BOPP B up to the 
point investigated are, nevertheless, similar to AlOₓ coated BOPP C. Indeed, they 
appear even a bit higher. For comparison, Figure 6-39 also contains the surface 
energies obtained for AlOₓ coated PET. These values are considerably higher (63 to 
66 mN/m) and also only reveal a marginal decrease with time. A one day aged AlOₓ 
coated PET sample (comment: not the same sample as investigated in Figure 6-39) 
shows a total surface energy of about 66.9 mN/m, approximately 10 mN/m higher 
than the ‘fresh’ AlOₓ coating on BOPP A. The values obtained here for AlOₓ coated 
PET are slightly higher than results published by Schiller et al. [34], who used a 
plasma assisted roll-to-roll coating process to deposit AlOₓ coatings onto PET and 
report values between 54 and 62 mN/m for an investigated period of 23 days 
(measurement technique not stated in this publication). The reason for the 
differences seen between the various BOPP films, as well as PET film, will be 
explained later in this chapter. 
On splitting the total surface energy into its polar and dispersive parts, it can be 
seen from Figure 6-40 (provided as an example for AlOₓ coated BOPP A; note, the 
other films behave identically) that the drop in total surface energy over time is 
predominantly due to a drop in the polar fraction. Whilst the dispersive surface 
energy remains approximately constant (perhaps a small initial decline), with 
average values around 29 to 31 mN/m, the polar surface energy drops drastically 
from approximately 25 to 13 mN/m within the first 150 days and then very slowly 
decays further to a value of approximately 10 mN/m after 699 days. It is obvious 
from Figure 6-40 that the total and polar surface energy reveal the same declining 
trend with storage time. 
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Figure 6-40: Change of surface energy of AlOₓ coated BOPP A with storage time 
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therefore, clearly due to immediate contact (after deposition) with the reverse side of 
the BOPP film. In the case of all BOPP films, including BOPP F with the high 
surface energy polymer skin layer, this reverse side of the film is either a co- or 
terpolymer of polypropylene, and the average surface energy of this side was less 
than 30 mN/m in all cases (refer to Section 6.1.3.1). As for this study, the samples 
were stored in swatches, whereby the AlOₓ coating was always touching the reverse 
side of the BOPP film. Taking the previously described SEM images of AlOₓ coated 
BOPP A, B and C into account (see Section 6.2.2.2), it may well be that mobile 
polymeric material migrates through the defects present in the AlOₓ coating on 
BOPP A, thus resulting in the lower surface energy for AlOₓ on BOPP A, compared 
to BOPP B and C. Nevertheless, AlOₓ on BOPP A and F gave nearly identical 
surface energy levels and BOPP F showed the best oxygen and water barrier 
performance, with no defects in the coating (and also no antiblock particles in the 
plain film surface that may cause defects). Consequently, only very limited 
permeation through the coating will occur on BOPP F. Furthermore, a different 
polymer is below the AlOₓ coating. An additional observation, supporting the idea of 
transfer of polymeric material from the reverse side of the BOPP film, is the 
dispersive surface energy of the AlOₓ coating, which is 29 to 31 mN/m. The latter is 
virtually identical to the surface energy of the reverse side of the BOPP films (polar 
part of reverse side is about 0 to 0.5 mN/m, i.e. negligible in this case). The amount 
of mobile polymeric material and additives in/on the BOPP film will vary, depending 
on each film supplier, the specific film manufacturing (extrusion) conditions and 
polymer grade used. The latter two both govern the polymer weight distribution of 
the BOPP film. The more mobile material that is present, the quicker and more 
pronounced the decay of the AlOₓ surface energy will be. 
In order to further investigate the materials/components in the polymer films that 
could possibly be transferred or migrate onto the AlOₓ coating, BOPP A, B and C 
were subjected to a Soxhlet extraction with a nonpolar solvent (n-hexane), and the 
extracts obtained were further analysed for their composition and molecular weight 
distribution, using FTIR spectroscopy and gel permeation chromatography (GPC). 
The results of this examination are presented in Appendix A4. 
Differences between PET and BOPP in terms of the surface energy decay 
characteristics of the AlOₓ coated side can be explained by the difference in glass 
transition temperature (Tg) of the two polymers. BOPP at ambient temperature will 
be above its Tg (in the range of 0 to 10 °C [55] for isotactic PP) and, consequently, 
all amorphous parts will be in a rubbery state. In this state, polymer chains and 
fragments are more flexible and mobile. By contrast, PET has a higher Tg (69 to 
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115 °C [55]). Thus, in PET the oligomers and polymer chains in the amorphous 
regions are less mobile; it is, therefore, argued that less migration will occur. In 
addition to that, fewer film additives are required during PET film production. 
To further investigate the type and amount of contamination present on the AlOₓ 
coated films, XPS analysis was used (without etching the coating surface). AlOₓ 
coated BOPP C and PET were analysed at two different times (with a one year time 
gap) after the coating process (see arrows in Figure 6-39, blue: PET after 195 and 
560 days, red: BOPP C after 285 and 650 days). The average carbon amounts 
measured on the samples at these two times are summarised in Table 6-17. 
 
Table 6-17: Carbon contamination of AlOₓ coated BOPP C and PET, as determined 
via XPS analysis 
Film structure 
Carbon contamination 
1
st
 measurement 
2
nd
 measurement 
(after 1 year) 
at% at% 
AlOₓ coated BOPP C 11.9* 24.8 ± 9.1 
AlOₓ coated PET 10.0* 15.2 ± 2.6 
*only single measurement taken 
 
As can be seen from the data obtained, the AlOₓ layer on BOPP shows a larger 
amount of carbon than the AlOₓ layer on PET, which is in agreement with the AlOₓ 
surface energy being higher for the PET substrate. Furthermore, an increase in 
carbon contamination from the first to the second measurement is observable, larger 
for BOPP than for PET, which reflects the drop of AlOₓ surface energy with time. 
The difference in carbon contamination level between AlOₓ coated BOPP and PET 
for the first measurement is, however, only marginal, despite the difference in 
surface energy (AlOₓ coated PET ≈ 65 mN/m, AlOₓ coated BOPP C ≈ 45 mN/m), 
which suggest that there is also a difference in the type of contamination present. 
This appears quite plausible, based on the assumption that the contamination in one 
case comes from PET, which inherently has a higher surface energy than BOPP 
(see Section 6.1.3.1), and in the other case from BOPP. The carbon based 
contamination levels found for the AlOₓ coated films are equivalent to contamination 
layers of thicknesses between 0.2 nm (10 at% carbon) and 0.8 nm (30 at% carbon) 
[356]. XPS depth profiles carried out by Barker and co-workers [16] for 20 to 25 nm 
thick AlOₓ barrier layers on PET also show the typical carbon contamination on the 
surface. The authors attributed the hydrocarbon levels found to either contamination 
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during sample transfer from the deposition chamber to the XPS equipment or 
migration of low-molecular-weight polymeric material. 
Closer examination of the high-resolution C1s spectra obtained from the AlOₓ 
coated film surfaces in all cases revealed two peaks (see Figure 6-41), one at 
285 eV, which can be assigned to C-C and C-H bonds, and a smaller side peak at 
289 to 290 eV, assigned predominantly to carboxyl/acid functionalities but also ester 
functionalities [268].  
 
 
Figure 6-41: High-resolution XPS spectra of C1s peak for AlOₓ coated BOPP C and PET film 
(2
nd
 measurement after 1 year) 
Apart from the missing peak for hydroxyl groups, Figure 6-41 reveals a typical 
signature spectrum of carbon contamination, which is seen when analysing metal 
and metal oxide surfaces that have been exposed to atmosphere via XPS [354]. 
Based on the high surface energy of the pristine metal oxide surface, this is to be 
expected, since bipolar molecules will be attracted to the surface and align with their 
polar part (i.e. ester or carboxyl functionality) towards the oxide and with their 
nonpolar/hydrocarbon tail facing away [354]. On top of this layer, nonpolar 
molecules will be absorbed. In our case, the bipolar molecules may originate from 
film additives, such as antioxidants, e.g. Irganox1010 (contains ester functionalities), 
which is a common additive used in BOPP films, or acid scavengers, e.g. metallic 
stearates (acid functionality) or metallic salts based on other acids [50]. XPS also 
showed traces of calcium on AlOₓ coated BOPP C, which could be a residue from 
calcium stearate (used as an acid scavenger film additive) and would, therefore, 
confirm the transfer of material from the reverse side of the film (or migration from 
underneath the coating). 
0
500
1000
1500
2000
2500
3000
280285290295
In
te
n
s
it
y
 [
c
o
u
n
ts
/s
] 
Binding energy [eV] 
AlOₓ on PET 
AlOₓ on BOPP C 
204 | P a g e  6  R E S U L T S  A N D  D I S C U S S I O N  
 
XPS does, however, not reveal the origin of the carbon based contamination on the 
AlOₓ surface, i.e. cannot tell whether the material comes from the film (reverse side 
or underneath coating) or the atmosphere (even though samples of the swatches 
have only been openly exposed to atmosphere during contact angle measurements 
and shortly during XPS sample preparation). Consequently, further examinations 
were carried out.  
Firstly, a swatch of AlOₓ coated BOPP A was prepared whereby the individual film 
sheets were separated by paper from one another. The surface energy of this 
sample was investigated periodically with time. Additionally, a ‘normal’ swatch was 
kept of the same coating trial (i.e. AlOₓ touching BOPP reverse side, but not paper) 
and investigated for surface energy in parallel. The results of this investigation are 
depicted in Figure 6-42. As mentioned previously, five surface energy 
measurements were carried out for each data point in order to obtain mean values 
and a standard deviation. Additionally, trend lines were fitted to the data, a second 
order polynomial for the ‘paper’ sample and a power trend line for the ‘swatch’ 
sample. As can be observed from Figure 6-42, the AlOₓ surface energy of the 
‘swatch’ sample reveals a rapid drop within the first 50 days of investigation (similar 
as seen in Figure 6-39), whilst the paper separated sample decreases at a slower 
rate. After approximately 450 days, both samples exhibit very similar surface 
energies. 
 
 
Figure 6-42: Change of total surface energy of AlOₓ coated BOPP A (swatch and paper 
separated sheets) as a function of time (since separation) 
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Here, it is assumed that the mobile polymeric material, readily available on the 
reverse side of the BOPP film, is quickly transferred onto the AlOₓ layer, therefore 
the strong decline of surface energy for the swatch sample. In contrast to that, this 
material is not present for the ‘paper’ sample and the surface energy decreases at a 
slower rate, due to the time needed for the migration of material from the polymer 
underneath through defects in the coating. Obviously, this migration is also taking 
place for the ‘swatch’ sample, in addition to the transfer of material from the reverse 
side. Moreover, in the case of AlOₓ coated BOPP A, there was a large number of 
defects present in the coating, as detected by the SEM and AFM investigation, refer 
to Chapter 6.2.2. This would indicate that the decrease of surface energy for the 
paper separated sample is still quite strong, due to the vast amount of these defects. 
Since standard printer paper was used to separate the film sheets, it can, however, 
not be excluded that material was also transferred onto the AlOₓ layer from the 
paper. Nevertheless, the difference in the shape of decline for the two data sets in 
Figure 6-42 indicates that there is a transfer from the reverse side, in addition to the 
migration through defects. It can also be assumed that the AlOₓ layer is only 
attracting low surface energy material, in order to minimise its surface energy. 
During this investigation, the non-coated side of the BOPP film (in the ‘swatch’ and 
‘paper’ samples) was also investigated, in order to exclude a transfer of material 
from the paper. No difference in surface energy between the two samples, as well 
as no change with time, could be detected. 
 
 
Figure 6-43: Change of total surface energy of AlOₓ coated PET (swatch and BOPP 
separated sheets) as a function of time (since separation) 
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In order to see if the drop of surface energy is related to transfer of low-molar-mass 
polymeric material from the reverse side of the BOPP film, a second experiment was 
conducted. Sheets of AlOₓ coated PET were interleaved with sheets of plain 
BOPP A, such that every AlOₓ layer was in contact with the non-corona treated side 
of BOPP A. Once again, this sample and a reference swatch sample (i.e. AlOₓ 
coated PET in contact with PET reverse side) were investigated for changes in 
surface energy with time. Results of this examination are presented in Figure 6-43, 
together with the water contact angle and drop images at the start point and terminal 
points of the investigation. Each point represents an average of five surface energy 
determinations and trend lines have been fitted to the data sets (linear trend line for 
reference sample, power trend line for BOPP contact sample). 
Figure 6-43 reveals a distinct and rapid drop of the AlOₓ surface energy when in 
contact with the BOPP film. Once again, this initial strong decrease within the first 
50 days of contact is in agreement with the trend shown in Figure 6-39 and Figure 
6-42. After this initially very strong drop, the surface energy decays at a slower rate, 
similar to the AlOₓ coated PET reference sample (swatch), which only exhibits a 
very slow decreasing trend. The drastic change in surface energy is accompanied 
by a large increase in water contact angle, as depicted by the drop images in Figure 
6-43. This investigation finally confirms that it is the initial contact of the AlOₓ coating 
with the reverse side of the BOPP film (low surface energy) that causes the 
significant drop of coating surface energy.  
For completeness of the original analysis, i.e. the change of AlOₓ surface energy 
with time (see Figure 6-39), the contact angle data, which is the basis for the 
calculation of surface energy, will be shown as well. The change of contact angles 
for the three fluids used (water, diiodomethane, ethylene glycol) is illustrated in 
Figure 6-44. Each data point represents an average of at least five contact angle 
measurements (on different drops) and error bars indicate standard deviations. 
A rise of all contact angles with storage time can be detected from the graphs. This 
increase is the strongest for the polar test fluids, water and ethylene glycol, 
indicating that polar interactions decrease, which is in accordance with the drop of 
surface energy being predominantly due to a drop of the polar fraction (see Figure 
6-40). Whilst the water contact angle still appears to exhibit a rising trend, the 
ethylene glycol contact angle seems to have levelled off and stabilised at a value 
just above 50° for all three BOPP film types.  
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Figure 6-44: Change of water (top), diiodomethane (middle) and ethylene glycol (bottom) 
contact angle with time for AlOₓ coated BOPP A, C and F 
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AlOₓ coated BOPP A and F show very similar values for the water and ethylene 
glycol contact angle, whereas for BOPP C these angles are initially lower but merge 
in with the values of the other films with increasing storage time. Also this is in 
agreement with the surface energy data presented in Figure 6-39. It can, 
furthermore, be seen that the water contact angle shows the largest standard 
deviations (see error bars in Figure 6-44), closely followed by ethylene glycol, whilst 
the variation of diiodomethane contact angle for one data point is the lowest. This is 
thought to be due to the fact that the transferred material on the outermost surface is 
predominantly nonpolar, and polar fluids are very sensitive to slight variations in the 
distribution of this material. The contact angle with diiodomethane also displays an 
increase with time; nevertheless, this increase is small, relative to that with water 
and ethylene glycol, and the contact angle quickly reaches a limiting value with all 
three films. It is assumed that the differences observed between the three film types 
for the diiodomethane contact angle are not significant. The small initial rise seen in 
Figure 6-44, middle graph, explains the marginal drop of the dispersive surface 
energy depicted in Figure 6-40. This indicates that dispersive interactions (between 
the AlOₓ surface and the test fluid) are reduced, which may be caused by a change 
in the composition of the polymeric material on top of the AlOₓ layer. 
With the decay of surface energy (and increase of contact angles) being due to a 
migration/transfer process, storage temperature and its fluctuations will play an 
important role in enhancing or decelerating the observed phenomenon. As 
variations in surface energy (and water/ethylene glycol contact angle) appear to be 
coincident (e.g. fluctuations between 100 and 120 days or 400 and 450 days for 
BOPP A, C and F, see Figure 6-39 and Figure 6-44), it is assumed that these events 
are caused by variations in storage temperature over the investigation period, or 
variations in ambient conditions during testing. Additionally, other parameters, such 
as surface roughness, affect contact angle measurement and, thus, surface energy 
values obtained [357-359]. In general, it is assumed that a Ra of less than 0.5 µm 
has a negligible effect on the contact angle and hence surface energy [359]. In this 
work, surface roughness has been measured via AFM on 5 x 5 µm² areas where no 
antiblock particles were present and, under these condition, the RMS and Ra values 
were less than 10 nm for the polymer films (coated and uncoated). However, the 
surface area covered by the liquid droplet will inevitably include antiblock particles, 
which can protrude up to several µm from the surface, as observed in the SEM 
images, large area AFM scans and white light profilometry investigations (images 
not shown in this thesis). It is, therefore, possible that these surface protrusions may 
have affected the contact angle measurements.  
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6.2.5 Coating thickness 
In order to determine the thickness of the reactively evaporated AlOₓ layers, film 
samples were embedded in an epoxy resin, cross-sectioned with an ultramicrotome 
and subsequently examined using TEM. A selection of AlOₓ coated films was 
investigated, including samples that showed good/bad barrier performance and 
samples subjected to the different plasma treatments. Specific measurements taken 
are summarised in Table 6-18 and an example of a TEM cross-section, used to 
determine the coating thickness, is shown in Figure 6-45 (bottom image). For each 
measurement, several TEM images were acquired and, moreover, also within each 
image two to three thickness measurements were performed. As can be seen from 
the thickness values stated in Table 6-18, the average thickness in all cases is 
between 9.4 and 10.2 nm, independent of the barrier performance and also 
independent of the application of a plasma treatment. This thickness is 
approximately only one fourth of the thickness of an aluminium barrier layer on a 
standard metallised film with an optical density of 2.5 [295], which is used in food 
packaging applications 
 
Table 6-18: AlOₓ coating thickness, as determined via transmission electron microscopy 
Film Plasma treatment 
Thickness 
nm 
BOPP A Pre + post 10.1 ± 0.5 
BOPP B 
No 9.8 ± 0.4 
Pre + post 9.6 ± 0.7 
BOPP C 
No 9.9 ± 0.6 
Pre 10.2 ± 0.5 
Pre + post 10.1 ± 0.6 
BOPP D Pre 9.5 ± 0.5 
BOPP E Pre  9.8 ± 0.5 
PET Pre + post 9.4 ± 0.6 
 
Figure 6-45 shows representative TEM cross-section images for AlOₓ coated 
BOPP C at two different magnification levels. Similar high-resolution TEM cross-
sectional images for AlOₓ coatings (on PET) have been published by Kobayashi et 
al. [294], Barker et al. [16] and Phillips et al. [288]. For standard commodity grade 
BOPP films, TEM generally revealed the typical three-layer structure, with a core 
layer surrounded by a skin layer on each side. One of these skin layers, i.e. the skin 
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layer that is coated, is visible in Figure 6-45 (top image) and Figure 6-46 and reveals 
a thickness of less than 0.5 µm. It is, furthermore, noticeable from the lower 
magnification TEM image that the AlOₓ layer is fractured and appears inconsistent. 
This damage is a result of the sample preparation process, i.e. the compression 
during microtoming, and the different elastic properties of the BOPP polymer, the 
embedding medium and the ceramic AlOₓ layer. Similar damage has also been 
reported by other researchers investigating TEM cross-sections of thin oxide layers 
on polymer substrates [360]. 
 
 
 
Figure 6-45: Transmission electron microscope cross-sections of AlOₓ coated BOPP C at 
different magnification levels 
The coating thickness found in this study is similar to aluminium oxide barrier layers 
deposited by other researchers [37, 40, 288], using evaporation processes, who 
Embedding 
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Embedding 
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found that effective barrier properties can be obtained at such a coating thickness. 
However, it disagrees with Kelly [3], who stated that below 15 nm coating thickness, 
the reactively evaporated AlOₓ layer is discontinuous and barrier properties are 
impairedj.  
In addition to enabling the investigation of AlOₓ coating thickness, TEM also 
revealed other interesting observations. For example, antiblock particles were found 
in the TEM cross-sections, as illustrated in Figure 6-46. From this image, it can be 
seen that, if an antiblock particle of less than a micron in size is fully enclosed by the 
BOPP skin layer, the antiblock particle will not necessarily create a defect in the 
coating, but can be over-coated by the AlOₓ layer. 
 
 
Figure 6-46: Transmission electron microscope cross-section of AlOₓ coated BOPP C with 
antiblock particle in skin layer 
Attempts were also made to investigate the structure of the AlOₓ coating, using the 
TEM cross-section images. Here, it appeared that the coating was ‘darker’ near the 
polymer interface and also at the free surface (near the embedding medium), as can 
be seen in Figure 6-45 (bottom image). Nevertheless, this could not specifically be 
detected for certain samples/films or treatments only. Consequently, no structural 
differences were visible between the AlOₓ coatings on the various BOPP films and 
PET reference film at the resolution level provided by TEM analysis. It is, therefore, 
concluded that the structure and potential differences of the approximately 10 nm 
thin AlOₓ coatings cannot be resolved using TEM analysis of cross-sections. There 
                                                 
j
 More information on AlOₓ coating thicknesses, used by other researchers for barrier 
applications, can be found in Chapter 6.2.1.4. These coatings were produced by a variety of 
techniques including electron beam evaporation (reactive/non-reactive) and sputtering. 
BOPP C 
Embedding 
medium 
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are, though, techniques available for the analysis of the microstructure and also 
crystallinity of thin (barrier) layers on polymer films. Therefore, the polymer substrate 
is dissolved/etched away using ortho-chlorophenol or trifluoroacetic acid (for PET) 
and toluene (for BOPP) and the remaining coating (on a copper grid) is 
subsequently analysed using TEM (combined with electron diffraction). This 
technique was reported successful for SiOₓ, AlOₓ and aluminium coatings on PET 
[16, 129, 140, 157, 291, 361-363] and aluminium coatings on BOPP [332, 333]. In 
the latter work, it was also found that in the case of AlOₓ layers on BOPP (electron 
beam evaporated), the coating decomposed in the toluene along with the polymer 
and, hence, no TEM analysis was possible. Based on this (and also due to time 
constraints), similar analysis was not carried out for this project. Barker and co-
workers [16] found (using the technique described above) that oxygen-rich AlOₓ 
coatings (i.e. no metallic aluminium measured via XPS, see Chapter 6.2.3) of 25 nm 
thickness on PET are solely amorphous, whilst metal-rich coatings (i.e. metallic 
aluminium present as seen via XPS) of 20 nm thickness consist of an amorphous 
oxide matrix with dispersed aluminium crystallites. Furthermore, Zywitzki et al. [344, 
345] also detected that up to a substrate temperature of 700 °C, AlOₓ layers 
deposited via reactive electron beam evaporation are amorphous. In the latter case, 
thick (several µm) oxide layers were deposited onto stainless steel and analysed 
using X-ray diffraction. Thinner coatings in the range of 10 to 60 nm were, however, 
not investigated by this research group [364]. They, additionally, state that by the 
use of plasma assistance, this threshold temperature could be reduced to 600 °C, at 
which the first signs of a crystalline γ-phase emerged [345]. Similar results for 
crystalline/amorphous coatings with regards to the deposition temperature have also 
been reported by Bunshah and Schramm [365] and Yoon et al. [350] for plasma 
activated electron beam evaporation. Moosheimer [332, 333], however, concluded 
from AFM scans that in his case of AlOₓ layers deposited onto BOPP via (non-
reactive) electron beam evaporation, a polycrystalline coating was obtained. This 
was, though, not further investigated using X-ray or electron diffraction (see above). 
Although the deposition temperature is quite difficult to estimate (see short 
discussion in Chapter 6.1.4), it is known that the temperature is a lot lower than 
required for crystalline AlOₓ, based on the references above. Furthermore, the 
literature cited refers in all cases to reactive electron beam evaporation and it is 
expected that during boat evaporation the species in the gas phase will have lower 
energies, compared to electron beam evaporation. Therefore, an even higher 
temperature may be required to yield a crystalline phase. It is, consequently, 
assumed that the barrier layers deposited here are of an amorphous nature.  
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6.2.6 Coating adhesion (peel test)  
As vacuum coated films are further converted by laminating another polymer on top 
of the coating or by applying a topcoat to protect the barrier layer (see Chapters 
6.4.2 and 6.5), good coating-to-substrate adhesion is an important criterion in order 
to prevent delamination during the final packaging application of the composite 
material. The adhesion strength of the reactively evaporated AlOₓ coating to the 
BOPP films was assessed using a peel test designed for the determination of the 
adhesion of aluminium coatings on polymer films. A main requirement for the validity 
of this test is the achievement of full coating, i.e. metal, removal. Earlier 
investigations of AlOₓ adhesion to BOPP films have shown that this peel test can be 
applied in the case of AlOₓ coated polymer films, as full coating removal was 
possible and visible to the naked eye, despite the transparency of the coating. This 
is shown for peel test samples (after peeling) of AlOₓ coated BOPP D in Figure 6-47. 
For better visual clarity, a white coloured double-sided adhesive tape is used for the 
peel tests. 
 
 
Figure 6-47: AlOₓ coated BOPP D (0.03 OD when AlOₓ coated) after peel test, coating 
removed visibly in centre area of each strip 
In general, the AlOₓ coated BOPP films (when aged) have a light transmission of 
91 to 93 % (converted from 0.04 – 0.03 OD), with the light transmission of the 
uncoated BOPP film being similar or marginally higher (refer to Chapter 6.2.7). The 
peel strength values obtained and corresponding standard deviations are 
summarised in Table 6-19 for the AlOₓ coated BOPP films investigated and also for 
the PET reference film. Additionally, BOPP A, B and C were metallised (2.0 to 
2.1 OD) and the measured adhesion of the aluminium layer is also displayed. Full 
‘visual’ coating removal was obtained for all coatings (AlOₓ and aluminium) on 
BOPP. In all cases, apart from BOPP F, very high peel strength values were 
obtained for the AlOₓ coated films. With the exception of BOPP C, these values (for 
Sealed area 
where AlOₓ 
coating was 
peeled off 
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the AlOₓ coated BOPP films) exceed the adhesion values obtained for aluminium 
metallised standard packaging grade BOPP film, which are generally (a lot) less 
than 1.75 N/(15 mm) [64, 77, 245]. Also Kelly [2] mentions that the adhesion of the 
oxide to a polymer substrate is considerably higher than that of the metal itself, 
though no actual adhesion values are quoted. 
 
Table 6-19: Measured peel forces for AlOₓ coated films and metallised references following 
no plasma and in-line plasma pre- and post-treatments 
Film Plasma treatment 
Peel force 
N/(15 mm) 
BOPP A 
No plasma 3.16 ± 0.11 
Pre 3.15 ± 0.12 
Pre + post 3.13 ± 0.08 
*Metallised (pre) 0.82 ± 0.04 
BOPP B 
No plasma 3.46 ± 0.08 
Pre 3.51 ± 0.10 
Pre + post 3.50 ± 0.16 
*Metallised (pre) 0.78 ± 0.03 
BOPP C 
No plasma 5.05 ± 0.17 
Pre 5.07 ± 0.12 
Pre + post 5.04 ± 0.14 
*Metallised (pre) 4.89 ± 0.06 
BOPP D Pre 4.65 ± 0.09 
BOPP E Pre 3.61 ± 0.15 
BOPP F 
No plasma 0.60 ± 0.02 
Pre 0.58 ± 0.01 
Pre + post 0.54 ± 0.02 
PET Pre + post > 6.00 
*no AlOₓ, but aluminium coating 
 
It is, additionally, obvious from Table 6-19 that the adhesion strength values 
obtained for BOPP film type A, B, C and also F appear unaffected by the plasma 
pre-treatment. Since plasma pre-treatment is generally applied in order to enhance 
adhesion of vacuum deposited barrier layers, an increase in the measured peel 
force would be expected (if over-treatment is avoided), as for example found for 
metallised BOPP [77, 249, 270]. This is attributed to the incorporation of functional 
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groups into the BOPP film surface, which act as nucleation sites and interaction 
points between coating and substrate, therefore enhancing adhesion properties. In 
the case of the AlOₓ layers deposited here, average peel force values around 3.1 to 
3.2 N/(15 mm) are obtained for BOPP A, 3.5 N/(15 mm) for BOPP B, 5.0 N/(15 mm) 
for BOPP C and 0.5 to 0.6 N/(15 mm) for BOPP F, which are independent of the 
application of in-line pre-treatment. The reason for the low peel force values 
achieved for BOPP F is related to the base film being coextruded with a different 
polymer as the skin layer and will be discussed later in this chapter. It is, 
furthermore, important to note that high peel force values were not only achieved 
independent of the plasma pre- treatment applied, but also independent of the 
barrier performance (see barrier properties of AlOₓ coated BOPP A, Chapter 6.2.1.1, 
Table 6-10), thus indicating that insufficient barrier properties are not related to poor 
adhesion. 
The high peel strength values (obtained for the standard BOPP films), together with 
the apparent independence from the plasma pre-treatment, suggest that in addition 
to the AlOₓ coating some polymeric material, such as the skin layer of the BOPP 
films, is removed during the peel test. Furthermore, when performing the peel tests 
on BOPP C, material was also peeled off from outside the sealed area. 
Consequently, the peeled-off EAA films were further analysed using single bounce 
diamond ATR-FTIR spectroscopy, to detect the possible presence of polypropylene 
and investigate the locus of the adhesion failure [120]. The evanescent wave in 
ATR-FTIR spectroscopy has a wavelength dependent penetration depth, which is in 
the region of up to a few µm for PP (refer to Equation (5-10); refractive indices taken 
from references [218, 285]). Consequently, small residues of polymeric material on 
the peeled-off EAA film will not be detected. However, if a layer with a thickness of 
several 100 nm of polymer is peeled off, e.g. the BOPP skin layer, this will be visible 
in the ATR-FTIR spectra. For all of the AlOₓ coated BOPP films, ATR-FTIR 
confirmed that polymeric material, presumably the BOPP skin layer (and in the case 
of BOPP F, the high surface energy polymer skin layer), was present on the peeled-
off EAA film. Figure 6-48 shows the ATR-FTIR spectra obtained for the EAA film 
(top), the corona side of BOPP A (middle) and the peeled-off EAA film (bottom). The 
bottom spectrum (peeled-off EAA) shows peaks that are unique to the BOPP film 
and unique to the EAA film, thereby indicating presence of both polymers in the 
sample. For PP, the peaks in question are around 2950 cm-1 and 1370 cm-1 
(asymmetric C-H stretching of -CH3 group and symmetric C-H bending of -CH3 
group, respectively [366]) and for the EAA film, the peaks in question occur at 
around 1700 cm-1 and as a double peak around 720/730 cm-1 (C=O stretching of 
carboxyl group and CH2 rocking of polyethylene, respectively [282, 367]). 
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Consequently, this investigation shows that cohesive failure occurred during the 
peel tests, i.e. the locus of failure is not at the interface between coating and 
substrate, but within the substrate itself. As the failure in a multilayer structure 
generally initiates at the weakest point of the system [117], it can be assumed that 
the adhesion of the AlOₓ coating to the BOPP film exceeds the measured values, 
which most likely represent the adhesion between the skin layer and the core layer 
of the BOPP film.  
 
 
 
 
Figure 6-48: ATR-FTIR spectra of the EAA film used for peel tests (top), BOPP film A 
(middle) and the peeled-off EAA film (bottom) 
In the case of metallised BOPP C, the ATR-FTIR also showed BOPP skin layer 
removal, similar to the AlOₓ coated films. This was to be expected, based on the 
peel force value (see Table 6-19), which is nearly identical to the values obtained for 
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AlOₓ coated BOPP C. Nevertheless, BOPP C was the only metallised film to reveal 
such a high peel force value and also ATR-FTIR confirmed no skin layer removal for 
metallised BOPP A and B (see low peel force values for these films in Table 6-19).  
The ‘abnormal’ behaviour of metallised BOPP C is attributed to the fact that this 
BOPP film revealed a larger amount of oxygen, and hence oxygen-containing 
functional groups, in its surface (refer to Chapter 6.1.3.2). It is, consequently, argued 
that the increased presence of functional groups resulted in the better aluminium 
adhesion on BOPP C. Additionally, Friedrich et al. [273] reported that for PP 
functionalised with various oxygen-containing groups (via treatment and primer 
layers) prior to aluminium evaporation, cohesive failure within the PP substrate was 
obtained during peel tests, depending on the type of functionalisation.  
For AlOₓ coated PET, it was, nonetheless, not possible to peel off the AlOₓ layer. 
Here, the EAA film stretched until it tore at values around 6 to 7 N/(15 mm), without 
removing any AlOₓ or parts of the PET film. This is attributed to the PET substrate 
used being a single-layer and not a coextruded film. Due to the high intrinsic 
strength of this single-layer material, no cohesive failure within the PET film could 
occur. Indeed, in the case of PET, the EAA peel test is known to be reaching its 
limits [120]. Furthermore, a value of approximately 7.5 N/(15 mm) has been reported 
by other researchers [368, 369] to be the upper limit when using the EAA peel test 
(EAA thickness assumed to be 50 µm), whilst beyond this value the EAA film breaks 
due to its low cohesive strength. Nevertheless, Cueff and co-workers [370] also 
used an EAA peel test (different sealing conditions and peel speed) to determine the 
adhesion of 75 nm thick sputtered AlOₓ layers on 12 µm PET and state values of up 
to 20 N/(15 mm). This is surprisingly high, as in our case the EAA film could not 
withstand a force of more than 7 N/(15 mm) before tearing. However, the thickness 
of the EAA film used was not stated (this would affect the strength of the EAA film), 
the sealing and peeling conditions were different (125 °C, 300 s, peel rate 
100 mm/min) and, furthermore, it is not known whether the PET substrate was a 
single-layer material or multilayer coextruded film. Increasing the peel rate and also 
the use of a thicker EAA film have been shown to lead to a rise of the peel force 
value measured [371, 372]. Miyamae and Nozoye [373] report on cohesive failure of 
the substrate for peel tests carried out on AlOₓ coated PET (15 nm coating 
thickness, reactive electron beam evaporation), as detected via XPS analysis. 
Nevertheless, they only state that an auxiliary sheet is used to peel the AlOₓ layer off 
(180° peel test, 300 mm/min), but do not further specify the material type or how it is 
bond to the AlOₓ coating. 
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With respect to the EAA peel test carried out for standard BOPP films coated with 
AlOₓ barrier layers, Moosheimer and Bichler [64, 333] report on the adhesion of 
40 nm thin AlOₓ layers electron beam evaporated onto BOPP films with a 
homopolymer and copolymer (propylene-ethylene) skin layer. They investigated the 
effect of oxygen plasma and corona pre-treatment. In the case of the copolymer skin 
layer, average peel force values around 2.4 N/(15 mm) were obtained for the corona 
treated film, as well as the non-treated and oxygen plasma treated film. For the 
homopolymer BOPP, the value was approximately 1.4 N/(15 mm), but also largely 
independent of the oxygen plasma pre-treatment. Only the corona treated 
homopolymer BOPP revealed a lower peel force value. In this publication, the 
independence of AlOₓ adhesion from the pre-treatment was attributed to the oxygen 
being readily available from the coating material and, consequently, the small 
amount of oxygen incorporated into the BOPP by the pre-treatment being not 
effective in improving adhesion. Nevertheless, they did not investigate whether the 
polymer skin layer was peeled off along with the AlOₓ coating, although the high 
peel force values obtained for the copolymer skin layer would suggest that this may 
have been the case (similar as found in this study for different co/terpolymer skin 
layers). That the peel force values are still lower than achieved here can be due to 
differences in the EAA film used (e.g. the film thickness; Moosheimer [371] used a 
25 µm thick EAA film; apart from this, the test was identical to the one used in this 
thesis) and, of course, differences in the BOPP film substrate. The measured peel 
force is, additionally, also affected by the deformation of the EAA film [120], which in 
the case of the AlOₓ coated BOPP films investigated here was elastic, as well as 
plastic.  
In order to rule out the possibility of the EAA film melting through the thin AlOₓ layer 
onto the BOPP surface, thus leading to the high peel forces, peel force values for an 
EEA film sealed to the plain BOPP film surface (corona treated side/high surface 
energy skin polymer side) were determined under the same conditions. The results 
of this investigation are summarised in Table 6-20.  
For all standard BOPP films, apart from BOPP D, the values obtained are between 
0.1 to 0.9 N/(15 mm), clearly below the measured peel force values for the AlOₓ 
coated BOPP films, and ATR-FTIR analysis did not show polypropylene on the 
peeled-off EAA. The only exceptions to this outcome are BOPP D and also BOPP F. 
For these two films, the skin layer is removed during peel tests for the plain and the 
AlOₓ coated BOPP, as confirmed by ATR-FTIR. From Table 6-19 and Table 6-20, it 
can also be seen that the measured peel force values for BOPP D and F in both 
cases (EAA sealed to AlOₓ coated and uncoated BOPP) are identical. In the case of 
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BOPP D, this may be due to a lower sealing temperature of the skin layer, 
presumably induced by the relatively high butylene content (refer to Section 6.1.3.4). 
Also BOPP C revealed a higher butylene content, and this may also be the reason 
for the relatively high peel force of 0.82 ± 0.18 N/(15 mm), which is greater than 
obtained for the other standard BOPP films. In general, it can be assumed that the 
peel force measured for the plain film may not only be affected by the sealing 
temperature of the skin layer (and hence skin layer composition), but also the age of 
the film and consequently contamination of the film surface with low-molecular-
weight material or film additives. 
 
Table 6-20: Measured peel force values for EAA film sealed to plain BOPP films 
Film Side 
Peel force 
N/(15 mm) 
BOPP A Corona 0.15 ± 0.01 
BOPP B Corona 0.09 ± 0.00 
BOPP C Corona 0.82 ± 0.18 
BOPP D Corona 4.61 ± 0.13 
BOPP E Corona 0.51 ± 0.06 
BOPP F 
High surface energy 
polymer 
0.58 ± 0.02 
 
For BOPP F, the peel force value for the AlOₓ coated film (0.5 to 0.6 N/(15 mm)) is 
quite low, compared to the other AlOₓ coated BOPP films. This is due to the fact that 
coextruding and orienting the different polymer skin layer with the polypropylene film 
is quite difficult, owing to the different polymer characteristics (e.g. melting point, 
mechanical properties). Consequently, an adhesive layer is required to tie the high 
surface energy polymer skin layer to the BOPP core film [70]. In the case of 
BOPP F, this results in a lower adhesion between the skin layer and the core, 
compared to the adhesion between a standard co/terpolymer skin layer and the 
homopolymer core. Hence, the skin layer readily peels off when the EAA film is 
sealed to uncoated BOPP F. 
In addition to the ‘standard’ AlOₓ coating on BOPP, peel tests were also carried out 
for a thicker AlOₓ layer (on BOPP A), for a BOPP film containing migratory additives 
and for different AlOₓ stoichiometries (BOPP B). In the case of an approximately 
25 nm thick AlOₓ layer on BOPP A, peel force values similar to the standard 10 nm 
thin AlOₓ coating were obtained, and ATR-FTIR also revealed that parts of the 
BOPP film were removed during the peel test. This value is higher than obtained for 
metallised BOPP A (2.0 – 2.1 OD, see Table 6-19), which has a coating thickness of 
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approximately 35 nm [295]. For BOPP films containing migratory (slip) additives, 
such as erucamide (note: these films were not intended for vacuum web coating 
according to their specification), average peel forces ranged between 0.5 and 
2 N/(15 mm), and ATR-FTIR did not show PP material on the peeled-off EAA. This 
is not surprising, since slip additives are known to reduce the adhesion in the case 
of metallised films [92]. 
For the investigation of the effect of coating stoichiometry on AlOₓ adhesion, four 
samples of AlOₓ coated BOPP B were chosen, ranging from a ‘standard’ 
stoichiometry with x ≈ 1.5 to the sample with the highest aluminium content with 
x ≈ 1.0 (more information on the stoichiometry of the AlOₓ coatings can be found in 
Chapter 6.2.3). The peel force results are presented in a column chart in Figure 
6-49. The length of the red columns is equivalent to the average peel force 
measured, whilst the grey outline represents the standard deviation.  
 
 
Figure 6-49: Peel force values obtained for AlOₓ coated BOPP B as a function of 
AlOₓ stoichiometry 
As can be seen from Figure 6-49, there is a clear declining trend of the measured 
peel force with decreasing the x-value, i.e. increasing the (metallic) aluminium 
content in the AlOₓ coating. For an x-value of 1.5 and 1.3, the peel force values are 
identical within experimental error. When the x-value is further reduced to 1.1 and 
1.0, the average peel force value measured drops and standard deviations are 
increased. ATR-FTIR revealed full BOPP skin layer removal across the sealed area 
for an x-value of 1.5, whilst for x = 1.3 some samples showed small patches where 
the skin layer was not peeled off. For x = 1.1 and 1.0, the amount of patches without 
BOPP skin layer removal increased drastically and spread across the whole sealed 
area. These patches are, additionally, visible to the naked eye, since at the border 
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between polymer substrate removal and no removal a narrow strip of the dark AlOₓ 
coating remains, as can be seen from Figure 6-50. The investigation of peel force 
values as a function of AlOₓ stoichiometry exposes an interesting observation, in 
that the coating adhesion appears to drop when the amount of metallic aluminium in 
the coating is increased.  
 
x = 1.5 x = 1.3 x = 1.1 x = 1.0 
    
Figure 6-50: AlOₓ coated BOPP B of various stoichiometries after peel test; marked with red 
arrows are areas without polymer substrate removal 
In summary, it is quite surprising that the adhesion depends on AlOₓ stoichiometry 
and, furthermore, generally appears a lot lower for metallised BOPP. It has been 
shown by McClure and Copeland [295] and McClure et al. [249] that, when 
metallising PET as well as BOPP, there is always an aluminium oxide layer of 
approximately 3 nm at the interface between the BOPP/PET film and the aluminium 
coating (and also at the free surface of the aluminium coating). Based on that, one 
would expect to get the same good adhesion (and skin layer peel-off), as obtained 
for AlOₓ layers, in the case of metallised BOPP. However, if the weakest point in this 
‘multilayer system’ (BOPP/AlOₓ/Al/AlOₓ) is between the AlOₓ and the aluminium 
layer, the failure during peel test would occur at this plane. This means that the 
metal layer would be peeled off and the transparent interfacial AlOₓ layer (of 
approximately 3 nm thickness) would be left behind on the film substrate. Therefore, 
it would be interesting to use further analytical techniques, such as XPS analysis 
and TEM cross-sections, on the peel test samples of metallised BOPP (with full 
visual coating removal), in order to investigate the locus of adhesion failure. 
Nakamura and Nakamae [269] have done a XPS study on samples of metallised PP 
following a peel test, but could, however, not detect any aluminium (only carbon and 
oxygen) on the substrate surface in the case of full aluminium coating removal (as 
judged visually). 
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6.2.7 Optical properties 
6.2.7.1 Optical density 
A critical property and substantial requirement of the AlOₓ coated polymer films is 
their transparency. As mentioned previously in Chapter 6.2.1.2, an important 
process, so-called ‘ageing’, takes place as soon as the film is exposed to an 
ambient environment, i.e. the coated film roll is exposed to atmospheric gases (after 
the vacuum in the coater is released). This process is supposed to be due to 
oxidation of unreacted (metallic) aluminium in the as-deposited AlOₓ coating, which 
is caused by the uptake of oxygen and humidity from the atmosphere, and leads to 
a decrease in OD (increase in light transmission) over time until a stable condition is 
reached. In the case of metallised polymer films, it is well-known that an oxidation 
phenomenon takes place (due to the reactivity of aluminium), which leads to a 
decline of the measured OD with time until a stable surface oxide is formed 
(approximately 3 nm in thickness), which protects the remaining metal layer from 
further oxidation [295, 374, 375].  
For the AlOₓ coated films, it is also suspected that this oxygen/moisture uptake 
(probably resulting in swelling/densification) of the coating plays an important role in 
conferring the barrier properties to the AlOₓ coating (discussed in detail in Section 
6.2.1.2). For the following investigation, the OD profile for AlOₓ coated BOPP A was 
measured with a densitometer (orthochromatic response) immediately after the 
coating process and subsequently during the following few days. A measurement 
was taken every 1 cm of the film width and results are illustrated in Figure 6-51.  
 
 
Figure 6-51: Variation of OD profiles for AlOₓ coated BOPP A with time 
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Immediately after coating, the OD level was around 0.05 to 0.06. After only one day, 
the OD level decreased down to 0.04 and after 8 days most of the points measure 
0.03 OD, which is equivalent to the plain film OD. Consequently, the target OD level 
for transparent packaging applications, which is between 0.03 and 0.04 OD, has 
been reached. Furthermore, differences between 0.03 and 0.04 OD on an individual 
film sheet are not visible to the naked eye. The behaviour shown in Figure 6-51 is 
typical for AlOₓ coated polymer films, independent of the substrate, although there 
can be some individual variations. 
Kelly [2] gives an OD range of 0.5 to 0.8 for laminates of AlOₓ coated PET, which is 
slightly ‘darker’ than the coatings obtained here. Although these ODs refer to a 
laminate, it is assumed that the OD of the non-laminated film is identical, since it 
was found in this project that the lamination (i.e. addition of an additional adhesive 
and polymer layer) did not alter the OD of the AlOₓ coated film. Here, it should also 
be mentioned that the light source used (i.e. wavelength range) to determine the 
optical density will affect the values measured (similar to the light transmission that 
can be determined for different wavelengths in the visible spectrum, see Chapter 
6.2.7.2). In this thesis, an orthochromatic response densitometer was used. 
Nevertheless, it is unknown which type of equipment was used by the reference 
cited. 
As can be seen from Figure 6-51, when AlOₓ barrier coatings are produced via 
reactive evaporation, they are not deposited as completely transparent but as 
marginally absorbing layers and, as a result, slightly grey coatings are initially 
obtained. It has been mentioned by several researchers and patents that an initial 
sub-stoichiometric and absorbing coating is deposited, which is further oxidised in a 
secondary post deposition oxidation step, e.g. via exposure to atmosphere, further 
downstream processing inside the vacuum chamber or also by the use of plasma 
techniques [15, 42, 376-378]. Furthermore, Schiller and co-workers [27] state that 
when coatings are deposited with an excess of oxygen (i.e. the coating is deposited 
fully transparent), the layer properties are poor due to the porous structure and 
insufficient barrier properties are obtained. 
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6.2.7.2 Light transmission 
In addition to the OD, measured with an orthochromatic transmission densitometer, 
the light transmission was measured over the wavelength range of 400 to 750 nm 
(visible light) using a spectrophotometer. For this investigation, various AlOₓ coated 
and non-coated BOPP films, as well as the PET reference film (coated and non-
coated), were investigated. The measurements were conducted after the OD had 
stabilised (see Section 6.2.7.1). In Figure 6-52, the spectra of AlOₓ coated and plain 
BOPP A and PET are depicted. Additionally, the spectrum of BOPP C is displayed, 
in order to show that the uncoated BOPP films exhibit very similar visible light 
transmission. The average light transmission values over the wavelength range of 
400 to 750 nm are summarised in Table 6-21. From the graphs and the average 
values, it can be detected that there is virtually no difference between the individual 
coated and non-coated films, hence indicating that the AlOₓ layer is transparent and 
non- or only marginal absorbing, with most of the absorption (reduction from 100 % 
light transmission) being caused by the underlying polymer.  
 
 
Figure 6-52: Light transmission spectra for AlOₓ coated and non-coated polymer films 
Nevertheless, the light transmission for PET (plain and AlOₓ coated) is lower than for 
BOPP, which is due to the inherently lower light transmission of the PET substrate, 
in contrast to BOPP. Light transmission for all samples investigated is quite uniform 
over the analysed wavelength range. However, noise is always present and is 
increased towards the wavelength of UV and IR radiation (a function of the visible 
light source used). Furthermore, if one converts the OD generally measured on a 
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BOPP film (0.03) to the corresponding light transmission, values of 91.2 % and 
93.3 %, respectively, are obtained. These values are higher than the values 
measured using a spectrophotometer (refer to Table 6-21), which may be attributed 
to the densitometer using an orthochromatic response (i.e. not sensitive to red light).  
 
Table 6-21: Light transmission of uncoated and AlOₓ coated films, averaged over the 
investigated wavelength range of 400 to 750 nm 
Film Coating 
Light transmission 
% 
BOPP A 
(uncoated) 91.9 ± 1.2 
AlOₓ 90.8 ± 1.3 
BOPP C (uncoated) 91.0 ± 1.2 
PET 
(uncoated) 87.5 ± 1.5 
AlOₓ 87.3 ± 1.5 
 
The results found here are in broad agreement with data published by Schiller et al. 
[27], who showed that AlOₓ layers of 20 nm thickness are fully transparent for an x-
value of approximately 1.4 onwards. The AlOₓ layers deposited in this project are 
even thinner (roughly 10 nm, see Chapter 6.2.5) and also exhibit a stoichiometry in 
this range (refer to Chapter 6.2.3). Kobayashi and co-workers [294] state an optical 
transparency of 80 % for a 25 µm thick uncoated PET substrate, which was 
approximately maintained after AlOₓ deposition via reactive evaporation of 
aluminium when the oxygen flow was controlled appropriately. Nevertheless, in their 
case, the optical transparency was measured at a wavelength of 350 nm. Misiano et 
al. [42] measured a light transmission of 81.2 % at 550 nm for their reactively 
evaporated AlOₓ layer on 12 µm PET, which indicates a small reduction from the 
light transmission of the uncoated substrate (85 %). After industrial lamination with 
PE, the light transmission was further reduced to 80.6 %. Fahlteich and co-workers 
[293] show a nearly constant light transmission just above 90 % in the visible 
wavelength range for their uncoated 100 µm PET substrate, which was decreased, 
though, by the application of a sputtered AlOₓ barrier layer (to approximately 85 to 
88 %). Also Louch et al. [379] measured a light transmission of approximately 90 % 
in the range of 400 to 750 nm for their PET substrate (no thickness stated), whilst 
Ludwig and Josephson [304] display a transmission spectrum for 12 µm uncoated 
PET that is comparable to the respective spectrum shown in Figure 6-52. In the 
latter publication, SiOₓ barrier coatings were deposited, which slightly reduced the 
visible light transmission. The differences seen in the visible light transmission of the 
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uncoated PET substrates may be caused by different film grades (e.g. stabilised 
PET has a higher light transmission than non-stabilised PET at 550 nm wavelength 
[164]). For AlOₓ coated PET, BOPP and PLA, Schiller and co-workers [12, 36] state 
an optical transmission of more than 98 %, although the wavelength used for this 
measurement, as well as the optical properties of the substrates, are not specified.  
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6.3 Flame and atmospheric plasma treatment of BOPP film 
Based on the good barrier results obtained for AlOₓ coated BOPP C, which were 
attributed to the higher oxygen content in the plain film surface, additional pre-
treatment trials were carried out off-line, with the aim of increasing the oxygen 
content in the BOPP film surface. The film chosen for this investigation was 
BOPP B, which was initially corona treated after extrusion by the film manufacturer.  
Flame treatment was selected as the first treatment for this study, since it has been 
found to be capable of incorporating large amounts of oxygen into the film surface 
without creating water-soluble low-molecular-weight oxidised material, i.e. there is 
less chance of over-treating the film surface and inducing excessive chain 
scissoring, as is the case for high corona treatment levels [61, 266]. Consequently, 
with flame treatment, high surface energy levels can be maintained over a longer 
period of time due to little/no ageing [255, 266]. Additionally, atmospheric plasma 
(dielectric barrier discharge) treatment, which has found widespread interest in 
recent years, and a combination of flame and atmospheric plasma treatment was 
performed. It has to be noted, though, that atmospheric plasma treatment can also 
suffer from the drawback of low-molecular-weight material formation [62, 88]. 
6.3.1 Surface topography 
The surface topography of the treated films was initially examined using DIC light 
microscopy, in order to detect whether the flame and/or plasma treatment induced 
any visible changes to the surface topography at this level of magnification. In the 
following, the investigation only focusses on three of the treated samples, which are 
the ones that were subjected to the highest treatment levels of each treatment type 
(refer to Table 5-2, Chapter 5.2). To distinguish the three film samples, they will be 
referred to as flame, plasma and flame/plasma treated samples, without stating the 
respective treatment intensities. 
Figure 6-53 shows high-resolution DIC images of corona treated BOPP B, i.e. the 
film surface before any additional off-line treatment, flame treated BOPP B, plasma 
treated BOPP B and flame/plasma treated BOPP B. It is noticeable from the images 
shown that the magnification level of light microscopy does not reveal any changes 
induced by the treatments. All four samples exhibit the same surface texture, i.e. 
bumpiness and granular structure. This is, nevertheless, not too surprising, as the 
treatments applied are known to only cause changes on the levels resolvable by 
SEM and AFM. 
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Figure 6-53: DIC light microscopy images of BOPP B (before AlOₓ coating); 
top left: corona treated; top right: flame treated; bottom left: plasma treated; 
bottom right: flame/plasma treated 
Consequently, SEM analysis was carried out for the three treatment variations, and 
representative images are depicted in Figure 6-54. Because the BOPP film samples 
are of an insulating nature and were not coated with a conductive layer to ease SEM 
analysis, well-focussed images at this magnification level were difficult to acquire. 
Judging from the SEM micrographs presented in Figure 6-54, the plasma and the 
combined flame/plasma treatment appear to have altered the surface topography of 
corona treated BOPP B, whilst the SEM image of the flame treated sample looks 
very similar to the one of the corona treated sample, but slightly less focussed. The 
changes in surface topography caused by the former two treatments are presumably 
due to etching and oxidising of the film surface. Nevertheless, the coarse-granular 
texture is still visible for all films. The most pronounced change can be seen for the 
sample treated by atmospheric plasma only. In this case, distinct globular mounds 
or nodules were created upon treatment, which are generally associated with low-
molecular-weight oxidised material (further discussed later in this section, together 
with the results of AFM analysis). Also the BOPP film exposed to a combination of 
flame and atmospheric plasma treatment appears to show some of these globular 
features. Nevertheless, the number of these features is a lot lower and the film 
appears more similar to the corona or flame treated sample. 
Corona Flame 
Plasma Flame + Plasma 
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Figure 6-54: SEM images of BOPP B (before AlOₓ coating); top left: corona treated; 
top right: flame treated; bottom left: plasma treated; bottom right: flame/plasma treated 
AFM analysis was conducted using a scan size of 5 x 5 µm² as previously (refer to 
Chapters 6.1.2.4 and 6.2.2.3) and representative AFM images of this investigation 
are displayed in Figure 6-55, whilst the roughness data (mean values obtained from 
at least nine individual scans) is summarised in Table 6-22. 
From the images presented in Figure 6-55, it can be concluded that the flame 
treatment did not induce changes to the film surface topography of corona treated 
BOPP B, since both scans (corona and flame treated BOPP B) show the same 
granular and bumpy texture without alteration. The atmospheric plasma treatment, 
however, shows a strongly modified surface topography. The bumpy background 
texture can still be recognised, but it is now covered in globular, droplet-like mounds 
or nodules. A similar treatment induced effect can be observed for the combined 
flame and atmospheric plasma treated sample, nevertheless, with the globular 
mounds being somewhat smaller in size. These additional globular features, which 
appeared after the off-line treatment, were also distinctively noticeable in the SEM 
image of plasma treated BOPP B and, to a lesser degree, in the one of 
flame/plasma treated BOPP B (see Figure 6-54). The globular features seen for 
these two treatment variations are believed to be caused by agglomerated low-
molecular-weight oxidised material and have been observed by various researchers 
for corona treated [60, 61, 236, 252, 262, 266, 380] and also plasma treated 
(atmospheric- and low-pressure) [62, 78, 381-383] polypropylene using AFM and 
Corona Flame 
Plasma Flame + Plasma 
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SEM techniques. Here, it is important to state again that many corona treatments 
are somewhat incorrectly referred to as ‘corona’ treatment, since they do not make 
use of a true corona discharge, based on their electrode configuration (see also 
Chapter 4.2.3). It is, hence, difficult to draw a line between the results obtained by 
other researchers for ‘corona’ treated PP and atmospheric-pressure (air) plasma 
treated PP.  
 
  
  
Figure 6-55: 5 x 5 µm² AFM images of BOPP B (before AlOₓ coating); 
top left: corona treated; top right: flame treated; bottom left: plasma treated; 
bottom right: flame/plasma treated 
Although not all nine treatment variations were investigated for their surface 
topography, it is assumed that samples subjected to the same treatment (with lower 
intensity) will exhibit similar features, but presumably less pronounced, since it has 
been shown by other researchers that the size of the globular mounds increases 
with rising treatment level [61, 62, 262]. 
According to Jones et al. [61] and O’Hare et al [236], the low-molecular-weight 
materials created upon corona treatment are water-soluble and can already be 
formed at low corona treatment levels. Nevertheless, distinctive globular mounds 
were not discovered during AFM analysis of the standard corona treated BOPP films 
Corona Flame 
Plasma Flame + Plasma 
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(BOPP A to E, see Chapter 6.1.2.4). This may be due to the lower treatment 
intensities used in industrial practise (compared to laboratory results) and 
consequently very small globular features, which are not distinctively visible in a 
5 x 5 µm² AFM image. 
In this investigation, flame treatment was not found to create globular mounds, 
associated with low-molecular-weight oxidised material, which is in line with 
investigations of flame treated BOPP carried out by Strobel et al. [266]. 
Nevertheless, these researchers describe that flame treatment also changes the 
BOPP film surface and induces the formation of small nodules, which is supposed to 
be due to the oxidation process taking place. No differences between corona treated 
BOPP B and the same film subjected to additional flame treatment could be 
observed here, using 5 x 5 µm² AFM scans. As Strobel and co-workers used a scan 
size of 1 x 1 µm², it may well be that possible changes induced by the flame 
treatment cannot be resolved using a scan size of 5 x 5 µm². In an earlier paper 
[384] by the same research group, it is also stated that flame treatment does not 
cause a change of the BOPP surface roughness at a resolution of less than 50 nm 
(using SEM analysis). 
Based on the above, the globular mounds found for the flame and subsequently 
plasma treated sample were created by the atmospheric plasma treatment only. 
However, the preceding flame treatment resulted in the globular features being 
reduced in size, although both plasma treated samples (with and without flame 
treatment) were subjected to the same treatment intensity. Consequently, the 
changes of the BOPP film surface induced by the flame treatment must have 
protected the surface from the formation of a greater extent of low-molecular-weight 
oxidised material upon additional atmospheric plasma treatment. 
From the roughness data presented in Table 6-22, it can be seen that, despite the 
changes in surface topography induced by the plasma treatment, the surface 
roughness did not change considerably, although the mean roughness values show 
an increasing trend. Due to the large standard deviations, this can, however, not be 
regarded as significant. Also Strobel and co-workers [384] state that they did not 
detect any roughening of the BOPP film surface owing to flame treatment. 
Nevertheless, atmospheric plasma (dielectric barrier discharge) treatments have 
been reported in the literature to cause roughening of polypropylene [382, 383, 385, 
386]. The references cited here all used air as a gas for the dielectric barrier 
discharge, whilst a mixture of argon (80 %) and oxygen (20 %) was used in this 
study. However, Leroux and co-workers [382] found that up to a certain treatment 
level, no change in roughness could be observed. They, furthermore, state that the 
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effects on surface roughness will not only depend on the treatment level, but also 
the gas chemistries applied and changes in roughness will be higher when using 
nitrogen or oxygen, compared to argon. 
 
Table 6-22: Surface roughness in terms of RMS and Ra values (mean value and 
standard deviation) of treated BOPP B 
Film     Treatment 
RMS Ra 
nm nm 
BOPP B 
Corona 6.1 ± 1.9 4.8 ± 1.6 
+ Flame 6.2 ± 1.6 4.9 ± 1.3 
+ Plasma 6.4 ± 0.9 5.1 ± 0.7 
+ Flame  
+ Plasma 
6.6 ± 1.3 5.2 ± 1.1 
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6.3.2 Surface chemistry 
6.3.2.1 Surface energy (contact angle measurement and dyne inks) 
The treated BOPP film surfaces were also analysed for their surface energy, using 
contact angle measurement and dyne inks according to the ASTM D2578 [207] 
(wettability test). The roll of corona treated BOPP B used in this investigation 
revealed an initial surface energy of 37.4 ± 0.1 mN/m, as determined via contact 
angle measurement (36 mN/m via dyne inks), before being subjected to flame and 
atmospheric plasma treatment. The surface energy was subsequently measured 
immediately after treatment was carried out (using dyne inks) and approximately two 
months after the treatment (via dyne inks and contact angle measurement). The 
results of these analyses are summarised in Table 6-23. In contrast to the analysis 
of surface topography, which was only carried out for the three highest treatment 
intensities (see Chapter 6.3.1), all nine treatment variations were analysed for their 
surface energy. 
 
Table 6-23: Surface energies and water contact angles of BOPP C following flame and 
atmospheric plasma treatments 
Treatment 
Intensity 
level 
Surface energy Water 
contact 
angle** 
Dyne 
inks* 
Dyne 
inks** 
Contact angle 
measurement** 
mN/m mN/m mN/m ° 
Corona - 36 - 37.4 ± 0.1 70.8 ± 0.4 
+ Flame 
1 40 42 34.4 ± 1.8 78.8 ± 4.0 
2 44 44 33.6 ± 0.2 81.0 ± 1.0 
3 46 44 34.1 ± 0.2 80.5 ± 1.1 
+ Plasma 
1 40 38 38.0 ± 0.6 69.9 ± 1.6 
2 42 38 38.2 ± 0.4 70.2 ± 0.8 
3 46 40 39.1 ± 0.8 68.6 ± 2.2 
+ Flame 
+ Plasma 
1 46 44 35.7 ± 1.3 77.7 ± 3.9 
2 48 44 37.6 ± 0.9 73.2 ± 2.3 
3 50 46 36.8 ± 0.4 74.7 ± 1.9 
*measured after treatment (does not apply to corona sample) 
**measured after approximately two month (does not apply to corona sample) 
 
On studying the initial surface energies obtained using dyne inks right after 
treatment was carried out, one can see that the levels achieved are quite high. 
Within the first two months after treatment, no significant drop of surface energy can 
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be seen for flame treated BOPP B (comparing the results obtained with dyne inks), 
which is in agreement with reports by Kullberg [255] and Strobel et al. [266], who 
observed no loss or only a marginal loss of wettability in the case of flame treated 
BOPP. After two months, the values of flame treated BOPP B are also a lot higher 
than the range of 36 to 38 mN/m, typically found for corona treated BOPP (see 
Chapter 6.1.3.1, Table 6-4). Nonetheless, the treatments involving atmospheric 
plasma show a decline, which is more pronounced for the two higher treatment 
intensity levels (still only comparing the results obtained by the use of dyne inks). 
This may be explained in the light of the AFM results presented in Chapter 6.3.1, 
since this analysis revealed globular mounds, which are assumed to consist of low-
molecular-weight oxidised material, for samples subjected to atmospheric plasma 
treatment. Strobel et al. [266] observed a more significant decrease of wettability for 
corona treated BOPP that showed the same globular surface features, whilst for 
flame treated BOPP, no globular mounds and no significant drop in wettability were 
detected. It is, hence, argued that the presence of low-molecular-weight oxidised 
material may play a role in the observed drop of surface energy, maybe due to its 
mobility that may ease reorientation effects.  
Leroux et al. [382], who investigated atmospheric air plasma treated PP, also found 
that the surface energy had slightly dropped within one month of treatment (more 
pronounced for higher treatment intensities). The water contact angle of 
approximately 70° found here for atmospheric plasma treated BOPP also compares 
well with their results and values obtained by Cui and Brown [386], both using the 
sessile drop method. Wang and He [385], though, report a lot lower (static) water 
contact angles, but also by far higher oxygen contents than measured here via XPS 
(see Chapter 6.3.2.2).  
However, what is surprising is the huge discrepancy seen between the surface 
energy obtained via contact angle measurement and dyne inks for the two month 
aged samples, when flame treatment was involved. For the atmospheric plasma 
treated sample only, the two measurement techniques yield nearly identical results, 
whilst for the samples involving flame treatment, a difference of approximately 6 to 
10 mN/m is evident between the results of the two techniques. It is anticipated that 
the unusually high water contact angles for samples subjected to flame treatment 
(see Table 6-23, last column), which are even higher than the water contact angle of 
corona treated BOPP B prior to flame treatment, are causing the low surface 
energies determined via contact angle measurement. In general, one has to be 
careful when low-molecular-weight oxidised materials are present, since these are 
soluble in water and other polar solvents (i.e. some of the test liquids used to 
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determine surface energy) and, hence, can affect and alter the contact angle 
measurements and surface energy determination [250, 266, 387]. Nevertheless, in 
the case of flame treatment only, no low-molecular-weight oxidised material was 
visibly present in the AFM analysis (see Section 6.3.1) and, consequently, could not 
affect the measurements. Furthermore, when low-molecular-weight oxidised 
material was extensively detected in the case of the plasma treated (but not flame 
treated) sample, the two different measurements are relatively consistent with each 
other, as they are also for the corona treated film. Although it is known that different 
techniques of surface energy determination generally give different values, and 
results of different techniques should therefore not be compared [208], this appears 
(for the measurements stated here) only to be the case when flame treatment was 
involved.  
Strobel and co-workers [387] found that flame treatment (in comparison to corona 
treatment) commonly results in more wettable films and, additionally, appears to 
have the shallowest depth, with the incorporated oxygen being more concentrated 
within the outermost 2 to 3 nm. This research group generally measures the 
advancing and receding contact angles in preference to static water contact angles. 
They [384], as well as Morra and co-workers [261], specify that the advancing water 
contact angle is more affected by the unmodified components of the film surface, 
whilst the receding water contact angle is more sensitive to the oxygen-containing 
functional groups resulting from the treatment. Their results [266, 387] also show 
that the receding water contact angle for flame treated BOPP is a lot lower than for 
corona treated BOPP, even though the oxygen contents are comparable. 
Furthermore, whilst the receding contact angle is extremely low, the advancing 
contact angle is still very high (for flame treated BOPP) and can be even greater 
than obtained for corona treated BOPP with the same oxygen content.  
The measurement of surface energy using the ASTM wettability method is, 
furthermore, closely linked with the receding contact angle, since the test liquid is 
applied onto the treated surface and its retraction (i.e. receding) behaviour is 
examined and judged visually [384]. In contrast to that, it is assumed that the static 
contact angles are more affected by the advancing contact angles. In this thesis, 
static contact angles were determined in order to calculate the surface energy. From 
Table 6-23 it can be seen that the (static) water contact angle of the flame treated 
(and flame/plasma treated) BOPP B is remarkably higher than for atmospheric 
plasma or corona treated BOPP B. Furthermore, for the lowest treatment intensities, 
larger standard deviations were obtained. 
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If it is assumed that the atmospheric plasma treated BOPP B in this study is very 
similar to the corona treated BOPP investigated by Strobel et al., then differences 
seen here for flame treated BOPP B and atmospheric plasma treated BOPP B using 
the two surface energy measurement techniques agree closely with their results 
obtained from advancing and receding contact angles (see previous remarks on the 
terms ‘corona’ and ‘dielectric barrier discharge’ treatment in Chapters 4.2.3 and 
6.3.1). In other words, the wettability test according to ASTM D2578 gave higher 
surface energy values for flame treated BOPP, due to its correlation with the 
receding contact angles (receding water contact angles on flame treated BOPP are 
very low, i.e. good wetting). However, the surface energy calculated from static 
contact angle measurements is lower, due to it being more affected by the 
advancing contact angle (advancing water contact angles on flame treated BOPP 
are relatively high). The plasma treated BOPP, not involving any flame treatment, is 
supposed to be similar to a corona treated BOPP, which shows less contact angle 
hysteresis (i.e. differences between advancing and receding contact angles) than 
flame treated BOPP. 
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6.3.2.2 X-ray photoelectron spectroscopy 
XPS analysis was performed for the three highest treatment intensities of each 
treatment type, in order to determine the amounts of oxygen incorporated into the 
film surfaces by the respective treatments. Results are summarised in Table 6-24. 
Additionally, the composition of corona treated BOPP B prior to any additional off-
line treatment is stated. It is assumed that the samples of lower treatment 
intensities, which have not been analysed for their surface composition, would 
reveal lower or similar levels of oxygen incorporation. 
 
Table 6-24: Composition of BOPP B following various surface treatments, as 
analysed via XPS 
Treatment 
C O Si 
O/C 
ratio 
at% at% at% 
Corona 95.4 4.6 - 0.05 
+ Flame 93.5 6.5 - 0.07 
+ Plasma 91.4 8.0 0.6 0.09 
+ Flame 
+ Plasma 
90.2 9.6 0.2 0.11 
 
From Table 6-24 it can be understood that all off-line treatments induced an 
increase of the original oxygen content caused by the corona treatment. The highest 
oxygen content is obtained by the combination of flame and atmospheric plasma 
treatment, followed by the samples subjected to atmospheric plasma treatment only, 
whilst the flame treatment on its own increased the oxygen content by roughly 
2 at%. Consequently, the aim of increasing the oxygen content of BOPP B was 
obtained. Nevertheless, only the combination treatment of flame and atmospheric 
plasma led to an oxygen content similar as found for corona treated BOPP C 
(10.4 at%, see Chapter 6.1.3.2, Table 6-5). No nitrogen was incorporated by any of 
the treatments and, in addition to carbon and oxygen, the samples subjected to 
atmospheric plasma treatment show traces of silicon. This is attributed to the BOPP 
film surface being etched by the plasma treatment. The material removal caused by 
the etching results in antiblock particles, which commonly consist of silica and 
previously were enrobed by more than 6 nm of polymer, now falling within the 
analytical depth (here 5 to 6 nm) of the XPS analysis. Garbassi et al. [272] found 
silicon after flame treatment of BOPP and also mention the possible appearance of 
filler particles as the origin.  
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Although the vast amount of literature only reports on either corona, flame or 
atmospheric plasma treated polypropylene, but not the combination of several 
treatments, the properties of the samples produced in this study will still be 
compared to data obtained by other research groups for flame or plasma treated 
samples. The total amount of oxygen found in the flame (and beforehand corona) 
treated sample is lower than values reported for flame treated PP by Garbassi et al. 
[272] and Awaja et al. [388]. The latter even found traces of nitrogen in the surface 
of flame treated PP. However, Sheng and co-workers [389] yielded very similar 
oxygen contents when treating polypropylene homo- and copolymers via a mild 
flame, whilst for an intense flame, higher oxygen concentrations were measured 
(analysis conducted at a comparable XPS electron take-off angle). Furthermore, the 
O/C ratio reported here for the flame treated sample falls within the range of values 
measured by Strobel et al. [266], who investigated different flame treatment levels 
using XPS analysis at a similar electron take-off angle. 
For atmospheric plasma treated PP, the amounts of incorporated oxygen and O/C 
ratios reported by various authors are generally a lot higher than measured in this 
study [62, 382, 385, 386]. Air was employed as a gas for treatment in the referenced 
literature, which means that a comparable amount of oxygen was present during 
treatment; although for the trials conducted here, a mixture of argon (80 %) and 
oxygen (20 %) was used. 
As already stated in Chapter 6.1.3.2 for the XPS analysis of corona BOPP treated 
films, the results for the oxygen content depend on many parameters and one needs 
to bear in mind that on a laboratory/research scale, the treatment intensities (and 
hence incorporated oxygen) may be a lot higher than in industrial practise. 
Furthermore, in this thesis, films were corona treated prior to being subjected to 
flame and/or atmospheric plasma treatment and it is not known how this may have 
affected the outcome.  
The XPS data was further processed via C1s peak deconvolution, in order to 
determine the oxygen-functional groups created upon treatment. This procedure has 
already been explained in detail in Section 6.1.3.2 and results for the three 
treatments investigated here, including the results for the corona treated BOPP prior 
to any off-line treatment, are summarised in Table 6-25. For all treatments, the lower 
oxidised species, e.g. hydroxyl groups, are found in larger amounts than the higher 
oxidised oxygen-functional groups. This is in agreement with the results obtained for 
the different corona treated BOPP films in Chapter 6.1.3.2 and also the published 
literature on flame [272, 388] and atmospheric plasma treated PP [62, 382, 386]. 
Nevertheless, these researchers, in general, found larger amounts of the individual 
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components, which is due to the larger total amounts of oxygen incorporated by the 
treatments. From Table 6-25 one can further conclude that the flame and plasma 
treatment appeared not to change the amount of hydroxyl groups, but rather 
introduced higher oxidised carbonyl and carboxyl groups. The combination of flame 
and atmospheric plasma treatment increased all three oxygen-containing 
functionalities to the highest levels obtained in this study. Nonetheless, the peak 
fitting data presented in Table 6-25 should not be overinterpreted, since this 
evaluation technique adds uncertainty and is susceptible to small variations in the 
fitted peaks.  
 
Table 6-25: Concentrations of oxygen-containing functional groups relative to total C1s peak 
area for BOPP B following various surface treatments 
    Treatment 
Hydroxyl 
C-OH 
Carbonyl 
C=O 
Carboxyl 
COOH 
at% at% at% 
    Corona 4.1 1.0 0.5 
    + Flame 3.9 2.2 0.8 
    + Plasma 4.1 2.9 1.9 
    + Flame 
    + Plasma 
5.4 3.5 2.6 
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6.3.3 Barrier properties after AlOₓ coating 
A4 samples of BOPP B, which were subjected to the various flame and atmospheric 
plasma treatments stated in Table 5-2, were mounted on a PET carrier web and, 
subsequently, coated with an AlOₓ barrier layer using in-line plasma pre-treatment. 
Additionally, A4 samples of BOPP C and the PET reference film were coated in the 
same run, in order to investigate whether the AlOₓ coating of A4 samples is 
representative of AlOₓ coating rolls of films. The barrier results obtained for these A4 
samples are summarised in Table 6-26. Also shown in the table are the oxygen and 
water vapour barrier properties of uncoated BOPP B and AlOₓ coated BOPP B that 
was corona treated only. The latter result is from a trial that has not been conducted 
via coating of A4 samples, but via coating a roll of film 
 
Table 6-26: Barrier properties (OTR and WVTR) of AlOₓ coated BOPP B, following various 
treatments (corona, flame, atmospheric plasma), and A4 reference samples 
(BOPP C and PET) 
Off-line 
treatment 
Intensity 
level 
OTR WVTR 
cm³/(m² d) BIF g/(m² d) BIF 
Uncoated - 2500 – 2900 - 7 – 8 - 
Corona - 119 ± 17 23 5.29 ± 0.22 1.4 
+ Flame 
1 122 ± 20 22 1.84 ± 0.10 4.1 
2 116 ± 22 23 1.45 ± 0.33 5.2 
3 153 ± 18 18 1.21 ± 0.01 6.2 
+ Plasma 
1 154 ± 45 18 3.43 ± 0.27 2.2 
2 149 ± 26 18 2.84 ± 0.88 2.6 
3 175 ± 26 15 1.81 ± 0.19 4.1 
+ Flame 
+ Plasma 
1 164 ± 7 16 1.89 ± 0.68 4.0 
2 147 ± 19 18 1.32 ± 0.40 5.7 
3 167 ± 8 16 1.97 ± 0.08 3.8 
BOPP C - 150 ± 5 14 1.52 ± 0.04 4.3 
PET - 2.39 ± 0.74 44 1.59 ± 0.79 28 
 
From Table 6-26, it is evident that the oxygen barrier performance of AlOₓ coated 
BOPP B, which was subjected to flame and/or atmospheric plasma treatment, was 
not improved to the required levels of less than 100 cm³/(m² d), i.e. similar to that 
obtained for AlOₓ coated BOPP C (see Chapter 6.2.1.1, Table 6-10). In fact, the 
oxygen barrier performance is even worse (for most of the samples) than obtained 
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previously for BOPP B when it was not exposed to additional off-line treatments. 
Nevertheless, if one looks at the OTR measured for BOPP C and PET, which were 
also coated as A4 samples, then these films reveal a considerably lower oxygen 
barrier, in comparison to the previous trials, whereby film rolls were coated with AlOₓ 
(see Chapter 6.2.1.1, Table 6-10). It, consequently, seems plausible that the AlOₓ 
coating of A4 samples may not be representative of AlOₓ coated film rolls, with 
respect to oxygen barrier performance. It is, nevertheless, still assumed that this 
technique can reveal important tendencies. On examining the water vapour barrier 
properties of the flame and/or atmospheric plasma treated samples after AlOₓ 
coating, one can observe a clear improvement, compared to the sample of BOPP B 
that has not been subjected to additional off-line treatment. Furthermore, with 
increasing the treatment intensity, the flame treated and also plasma treated 
samples show a clear enhancement of moisture barrier. This improvement is 
associated with the AlOₓ layer, as the uncoated and off-line treated samples (flame 
and/or plasma) had water barrier properties that were typical of uncoated BOPP B. It 
is also significant that BOPP C, AlOₓ coated as an A4 sample, exhibits a far better 
WVTR than obtained previously, even after extensive ageing (see Section 6.2.1.2). 
However, the water barrier performance of the A4 sample of AlOₓ coated PET is 
inferior, relative to a value of less than 1 g/(m² d) for coating a PET film roll (refer to 
Chapter 6.2.1.1, Table 6-10). Nevertheless, it can be seen from the high standard 
deviation for WVTR that there were also A4 samples of AlOₓ coated PET that had a 
WVTR of less than 1 g/(m² d). 
The observation regarding the good WVTR of AlOₓ coated BOPP C led to further 
investigations for possible causes. In contrast to the previous AlOₓ coating trials 
conducted for BOPP B and C (see barrier results in Chapter 6.2.1.1, Table 6-10), 
the trials stated in Table 6-26 were performed using a different metalliser model. A 
K4000 metalliser was used previously, whilst a K5000 was used for the trials 
summarised in Table 6-26. It was found that the pressure during AlOₓ deposition 
was around 1.0 x 10-4 mbar (0.01 Pa), which is one order of magnitude lower than 
for the previous trials conducted on a K4000 metalliser model. It is, consequently, 
assumed that this lower pressure has a major impact on the coating structure and 
hence barrier performance, in that the higher mean free path at lower pressure 
results in fewer collisions of aluminium atoms with oxygen molecules and thus less 
energy-loss of the evaporated aluminium. This may lead to a denser and less 
porous AlOₓ coating. Nevertheless, when BOPP B was corona treated only (and 
coated as a roll of film, rather than an A4 sheet, see second row in Table 6-26), the 
oxygen and water vapour barrier is identical to the equivalent trial conducted under 
higher pressure, i.e. on a K4000, (see Chapter 6.2.1.1, Table 6-10, BOPP B, pre-
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treatment only). It can, therefore, be concluded that the water barrier improvement 
was due to a combination of lower pressure and higher oxygen content in the BOPP 
film surface. 
It is notable that other researchers also mention the possible effect of pressure on 
barrier properties. Hoffmann and co-workers [289] state that an increase in oxygen 
flow during reactive evaporation of aluminium induces a rise of pressure, if the 
oxygen is not gettered by the aluminium, and, consequently, can impair coating 
density and barrier performance. Furthermore, Schiller et al. [22, 27] mention that a 
higher oxygen partial pressure results in coatings of reduced density and hence 
lower barrier properties. It is, however, important to state here that an increase in 
oxygen flow/pressure will additionally result in a different coating stoichiometry, if 
more oxygen is incorporated into the coating, which can also affect the barrier 
performance. Consequently, the various deposition parameters are very much 
interrelated. 
All samples subjected to flame treatment show good water barrier properties, with 
mean WVTRs of less than 2 g/(m² d). The best water barrier was obtained for the 
flame treated film with the highest treatment intensity, although the oxygen content 
was ‘only’ 6.5 at%, compared to 10.4 at% for BOPP C (see Chapter 6.3.2.2, Table 
6-24 and Chapter 6.1.3.2, Table 6-5). This may be explained by the fact that flame 
treatment has been found to have a shallower modification depth than corona 
treatment, which leads to the oxygen-containing groups being more concentrated 
near the outer surface of the flame treated film [387]. Hence, for corona treated 
BOPP C, some of the oxygen detected may be more deeply incorporated within the 
first 5 to 6 nm of the film surface, whilst for flame treated BOPP B (all treatment 
intensities), most of the oxygen is nearer to the outer surface and, thus, is ‘more 
readily available’ for the depositing coating. 
For the atmospheric plasma treated BOPP (no flame treatment involved), a clear 
improvement of WVTR with rising treatment intensity can be seen. Although not all 
samples were measured for their oxygen content via XPS, it is assumed that this 
barrier enhancement reflects the increasing oxygen content in the film surface 
induced by the atmospheric plasma treatment.  
Based on the variability introduced by coating A4 samples, further interpretation of 
the variations in WVTR for the different treatments, with respect to the effect of the 
different functional groups incorporated (e.g. effect of carboxyl groups on barrier 
properties as suggested by Mount [69]), will not be carried out. 
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Finally, it is important to state that AlOₓ coating of A4 samples gives information on 
important trends, but is suspected to be not absolutely representative of coating film 
rolls with AlOₓ. It is assumed that the greater extent of film handling, involved when 
mounting the samples before coating and retrieving them after coating, increases 
the risk of damage to the ceramic and brittle AlOₓ layer. This damage may, 
consequently, affect and deteriorate the barrier performance. Nevertheless, that 
reasonable water vapour barrier was achieved, whilst oxygen barrier properties 
were deteriorated (see results for BOPP films coated as A4 samples in Table 6-26), 
indicates different permeation mechanisms for oxygen and moisture through the 
ceramic AlOₓ layer, which appear to be not yet completely understood. If defects are 
present (presumably due to the extensive film handling), then oxygen barrier will be 
impaired, as it is known that oxygen permeation is dominated by a macro-defect 
driven permeation mechanism (refer to Chapter 4.6.2). However, one would also 
expect the water barrier to be low, since it appears to be a logical assumption that if 
the defects are large enough to facilitate the unhindered permeation of oxygen 
(larger molecule), also water vapour (smaller molecule) would pass through 
unhindered. In Chapter 6.2.1.3, it was found that ‘dark’ AlOₓ on BOPP A had 
improved water vapour barrier, despite the presence of defects in the coating. This 
was attributed to the metal aluminium content in the coating scavenging the 
moisture. In the case of the A4 samples coated with AlOₓ, the transparency 
suggests that no elemental aluminium is present and, hence, there must be an 
additional or different factor with respect to water vapour permeation that has not yet 
been considered.  
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6.4 Acrylate coatings 
For the deposition of acrylate coatings as top- and undercoats, initial investigations 
were carried out on the plain BOPP films used in this study (BOPP A, B and C) to 
examine their surface topography and asperities. In the case of BOPP (and other 
polymer) films, these asperities are predominantly caused by protruding antiblock 
particles, a film additive added to the skin layer polymer of the BOPP film in order to 
facilitate film handling. Further surface irregularities may be induced by dislocating 
antiblock particles leaving imprints in the film surface, imprints created by debris or 
antiblock particles located on the reverse side of the film and scratches/marks due 
to contact of the film with rollers during production/winding. For this early 
examination, white light profilometry was chosen. This analytical technique allows 
obtaining real topographical (height) information without requiring sample contact 
and, thus, represents an ideal technique for analysing polymer films on the required 
scale. AFM, by contrast, is generally used for investigations of smaller sample areas 
and, furthermore, is more complex to handle, especially when there are large height 
variations across the scan width and tip-sample contact may temporarily be lost. On 
the investigated scale, no difference between plain and AlOₓ coated film is seen due 
to the low coating thickness of only 10 nm. Consequently, only plain film samples 
were analysed for the protrusion extent of antiblock particles. 
The results revealed that large antiblock particles (diameter approximately 10 µm) 
protrude up to nearly 5 µm from the BOPP film surface, for all three film types. 
There was, though, a larger amount of antiblock particles of this size found on 
BOPP C (see also Sections 6.1.2.1 and 6.1.2.2). This suggests that in order to 
planarise the film surface and conceal all surface irregularities, an acrylate thickness 
of approximately 5 µm would be required. However, aiming for a low-cost industrial 
product and based on the acrylate thicknesses applied by other researches 
(frequently around 1 µm or less [96, 136, 159, 170, 175, 299, 329, 390]), the general 
thickness of the acrylate coating to be deposited as under- and topcoat was chosen 
to be 1 µm. In addition to the 1 µm thick acrylate coatings, thicker coatings of 
approximately 5 µm were deposited for comparison. 
Thickness measurements of the acrylate coating step edges created on silicon 
wafers (coated as reference samples) with a Dektak IID stylus profilometer showed 
thicknesses of 0.75 ± 0.09 µm and 5.04 ± 0.35 µm for the thin and thick acrylate 
layers, respectively. 
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6.4.1 Acrylate undercoats 
6.4.1.1 Barrier properties 
The barrier performance obtained with acrylate undercoats with an average 
thickness 0.75 µm and 5.04 µm is summarised in Table 6-27. Additionally, the 
acrylate coated films were measured for their barrier properties prior to AlOₓ 
deposition. These results, together with the barrier performance of the plain polymer 
films (no acrylate and no AlOₓ coating) and the AlOₓ coated films without any 
undercoat, are shown in Table 6-27. All AlOₓ coating trials were conducted with in-
line plasma pre-treatment only. Whilst the acrylate coated samples (A4) were AlOₓ 
coated after mounting them onto a carrier web, the samples without acrylate 
coatings were taken from trials conducted on film rolls. 
 
Table 6-27: Barrier properties (OTR and WVTR) of AlOₓ coated BOPP films with acrylate 
undercoats of 0.75 µm and 5.04 µm thickness 
Film Description 
OTR WVTR 
cm³/(m² d) g/(m² d) 
BOPP A 
30 µm 
Plain (uncoated) 1250 – 1450 4 – 5 
Plain + AlOₓ 202 ± 24 3.43 ± 0.35 
Plain + 0.75 µm acrylate 1350 ± 24 4.34 ± 0.05 
Plain + 5.04 µm acrylate 895 ± 23 4.20 ± 0.21 
0.75 µm acrylate + AlOₓ 18.9 ± 2.9 1.33 ± 0.11 
5.04 µm acrylate + AlOₓ 23.2 ± 7.8 1.92 ± 0.11 
BOPP B 
15 µm 
Plain (uncoated) 2500 – 2900 7 – 8 
Plain + AlOₓ 118 ± 22 5.47 ± 0.35 
Plain + 0.75 µm acrylate 2100 ± 88 7.54 ± 0.43 
Plain + 5.04 µm acrylate 1270 ± 8 7.50 ± 0.06 
0.75 µm acrylate + AlOₓ 15.8 ± 2.7 2.15 ± 0.21 
5.04 µm acrylate + AlOₓ 28.5 ± 0.6 2.34 ± 0.10 
BOPP C 
20 µm 
Plain (uncoated) 2000 – 2100 6 – 7 
Plain + AlOₓ 35.3 ± 3.1 6.08 ± 0.17 
Plain + 0.75 µm acrylate 1680 ± 129 6.59 ± 0.08 
Plain + 5.04 µm acrylate 1160 ± 66 6.15 ± 0.20 
0.75 µm acrylate + AlOₓ 15.8 ± 1.9 1.93 ± 0.21 
5.04 µm acrylate + AlOₓ 13.8 ± 3.1 2.69 ± 0.08 
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When comparing the barrier performance of the plain film with the acrylate coated 
film (no AlOₓ), one can see that the acrylate layer improves the oxygen barrier, but 
has no impact on the water barrier. This is due to the barrier properties of the 
acrylate, which has a better oxygen barrier but a poorer water barrier, when 
compared to BOPP [149]. Nevertheless, the improvement of OTR by application of 
an acrylate layer is only small, in contrast to the improvement that can be obtained 
with inorganic barrier layers. It has also been noted by other researches that the 
acrylate layer on its own does, in general, not induce a big improvement of barrier 
properties, compared to the barrier performance of the uncoated film [159, 175, 290, 
329, 390, 391]. Especially on thick substrates, no improvement at all could be seen 
when applying a thin acrylate coating. It is worthwhile mentioning here that on a 
100 µm thick PET, an acrylate layer of 1 µm may not show any barrier improvement, 
whilst on a 12 µm PET substrate it may do, as for “very large values of the substrate 
thickness, the permeability of the substrate alone will reach the value of the 
permeability of the coated substrate” [126]k. This is also the reason that the oxygen 
barrier improvement with the acrylate layers deposited here onto BOPP (without 
AlOₓ) is more pronounced for the thinner BOPP film substrates of 15 and 20 µm 
thickness (see Table 6-27, especially thin acrylate). When the acrylate thickness is 
increased from 0.75 µm to 5.04 µm, the improvement of oxygen barrier is even more 
distinct and also noticeable for BOPP A. 
On comparing the oxygen and water vapour barrier performance after AlOₓ coating 
the acrylate pre-coated BOPP films with the AlOₓ coated plain BOPP films, it is 
noticeable that in all cases the OTR, as well as the WVTR, is improved. As 
discussed in Section 6.2.1.1, AlOₓ coated BOPP C showed the best oxygen barrier 
performance of all standard packaging grade BOPP films, whilst AlOₓ coated 
BOPP A showed inferior oxygen barrier properties, compared to all coated BOPP 
films. After applying acrylate undercoats, all BOPP films reveal very similar barrier 
properties against oxygen, as well as water vapour. Especially for the 0.75 µm thick 
acrylate undercoats, the OTR values after AlOₓ application are nearly identical for all 
three BOPP film types. For the 5.04 µm acrylate undercoat, slight variations in OTR 
can be found for AlOₓ coated BOPP A and, to a larger extent, for AlOₓ coated 
BOPP B. These variations are attributed to the larger extent of film handling, when 
the AlOₓ coating is applied to A4 samples on a carrier web, and thus a higher 
chance of inflicting damage to the thin AlOₓ barrier layer (see also discussion in 
Chapter 6.3.3). WVTR for all AlOₓ coated BOPP films with acrylate undercoats is in 
the range of 1.5 to 2.5 g/(m² d). In this case, BOPP A shows slightly better WVTR, 
                                                 
k
 The author of this reference refers to the transmission rate or permeance as ‘permeability’; 
see more information in Chapter 4.6.1. 
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compared to BOPP B and C. This may be due to BOPP A being a thicker, more rigid 
substrate and, therefore, being less prone to film handling induced damage of the 
AlOₓ layer. Nevertheless, once again the variations in WVTR are mainly put down to 
the increased film handling when coating A4 samples. Overall, the barrier results 
suggest that the surfaces of all three films must be very similar after acrylate 
deposition, as resembling barrier levels are obtained. It is also noticeable that 
increasing the acrylate thickness from 0.75 µm to 5.04 µm does not result in any 
additional improvement in terms of water or oxygen barrier performance after AlOₓ 
coating. A 0.75 µm thin acrylate layer is, therefore, sufficient to change the surface 
properties of the BOPP films in order to enhance barrier properties after AlOₓ 
coating. Finally, it should be repeated here that the barrier results for the AlOₓ 
coating of A4 samples presented in Chapter 6.3.3 indicated that AlOₓ coating of film 
rolls may give better barrier properties than obtained for A4 sheets. 
The benefits of using (organic) acrylate undercoats prior to deposition of inorganic 
barrier layers has been reported by various research groups, for AlOₓ layers on PP 
[392], on PET [136, 170, 175, 329] and other material combinations [149, 159, 172, 
390, 391]. The barrier improvement obtained by applying an acrylate undercoat has 
been accredited to a variety of properties that the acrylate layer confers to the 
polymer films. Acrylate layers (as undercoats) are frequently referred to as 
planarisation layers, since they have the capability to eliminate surface roughness 
and conceal surface defects/irregularities (such as antiblock particles) present on 
the polymer film surface [96, 136, 159, 170, 175, 390]. Therefore, they 
smooth/flatten the substrate surface and decouple its defects from the subsequently 
deposited inorganic barrier layer. Such defects, for instance, can be sharp high 
protrusions in the film surface, which endure most of the load once the coated film is 
wound into roll form and, therefore, may serve as initiation points of cracks in the 
inorganic barrier layer [329]. The planarisation effect of acrylate layers is due to the 
unique deposition technique, as described in Section 5.3. In this study, this means 
that defects in the uncoated film surface, such as the previously shown 
dimples/craters on BOPP A (see Sections 6.1.2.3 and 6.1.2.4), can no longer be 
reproduced in the thin barrier layer. Furthermore, if antiblock particles are over-
coated by the acrylate, i.e. do not protrude through this layer, they can no longer 
generate defects in the thin AlOₓ barrier layer subsequently deposited.  
Yializis [392] and Shaw and Langlois [390] also mention that the superior thermal 
properties of an acrylate layer, compared to the polypropylene film, make the 
surface a better substrate for the deposition of inorganic barrier layers such as AlOₓ. 
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Hanika et al. [149] and Langowski [126] emphasise the importance of the 
permeability of the applied polymer layer, i.e. the polymer adjacent to the inorganic 
barrier layer. Acrylates, in contrast to BOPP, have lower oxygen permeability and, 
consequently, they argue that this results in lower OTRs when applying an inorganic 
coating (in their case aluminium) to the acrylate coated BOPP, compared to the non-
acrylate coated BOPP. Based on the higher permeability of the acrylate to water 
vapour, the WVTR is increased when using an acrylate layer prior to aluminium 
coating. Furthermore, they state that if the thickness of the undercoat is above the 
so-called critical thickness (dictated by defect density and size, typically less than 
2.5 µm [393]), then the overall barrier performance is defined by the combination of 
inorganic barrier layer and undercoat. In our case, however, OTR and WVTR were 
improved by the application of an acrylate undercoat. Nevertheless, the 
improvement in WVTR is not down to the desired levels of less than 1 g/(m² d). That 
applying a less permeable coating/lacquer to the polymer film prior to metallisation 
(or in this case AlOₓ coating) can improve barrier performance, in the case of macro-
defect driven permeation, has previously been proposed by Jamieson and Windle 
[140] and Beu and Mercea [143]. This is due to a change of the concentration 
gradient of the permeating substance in the polymer layer next to the defect. Graff 
and co-workers [136] also emphasise the role of the permeability of the polymer 
material used in organic/inorganic multilayered structures. 
Finally, an acrylate deposited onto a polypropylene substrate represents a complete 
change of surface chemistry (and also polarity), which may offer more nucleation 
sites (higher nucleation rates) to the depositing inorganic coating, thus resulting in a 
denser coating structure, as suggested by Yializis [392] and Miyamoto et al. [175]. 
In summary, the acrylate provides the depositing inorganic barrier layer a completely 
different substrate surface in terms of roughness/topography (on the scale of light 
microscopy, as well as atomic force microscopy, see Chapters 6.4.1.2 and 6.4.1.3), 
chemistry and also thermal and structural properties, upon which to nucleate and 
grow. Here, it is assumed that it is especially the different chemical functionality of 
the acrylate, in contrast to the BOPP, that allows the AlOₓ to nucleate and grow in a 
different, presumably denser, structure. This results in the lower OTR values and, 
more important, the lower WVTR values. The reasons leading to this assumption will 
be pointed out now. Firstly, the thicker acrylate layers did not induce an additional 
(oxygen) barrier enhancement, which would be expected if the barrier improvement 
would be due to the better oxygen barrier properties of the acrylate. Furthermore, 
acrylates do not have better water barrier properties, compared to BOPP, and, 
hence, the water barrier improvement yielded by the acrylate undercoat cannot be 
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explained by the water barrier properties of the acrylate layer. Furthermore, all three 
films reveal very similar oxygen and moisture barrier properties after AlOₓ coating 
(for both acrylate thicknesses), despite still exhibiting very different surface 
topographies on a lower magnification level (see next chapter). This may exclude 
the smoothing as a main reason for the barrier improvement. 
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6.4.1.2 Surface topography (DIC light microscopy analysis) 
The following sections discuss the changes in surface topography and roughness, 
which were induced by the application of the acrylate layer. Therefore, the plain and 
AlOₓ coated BOPP films were investigated by DIC light microscopy and, additionally, 
atomic force microscopy to obtain information on the nano-scale surface roughness. 
Samples were initially examined using light microscopy. The effect of the acrylate 
layer on the surface of the plain BOPP films is depicted in Figure 6-56, Figure 6-57 
and Figure 6-58 for BOPP A, B and C. 
 
  
  
  
Figure 6-56: DIC light microscopy images of plain and acrylate coated BOPP A at two 
different magnifications; top: uncoated film; middle: 0.75 µm acrylate; 
bottom: 5.04 µm acrylate 
Uncoated 
5.04 µm 
0.75 µm 
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Figure 6-57: DIC light microscopy images of plain and acrylate coated BOPP B at two 
different magnifications; top: uncoated film; middle: 0.75 µm acrylate; 
bottom: 5.04 µm acrylate 
When looking at the lower magnification DIC images, one can see that for all BOPP 
films, the finer surface details disappear with the application of the acrylate layer, 
independent of the acrylate thickness. For BOPP A, the previously described 
lowered, round-shaped surface features (see Section 6.1.2.1) are still visible; 
however, the edges of these large recessed areas appear smoother and their 
‘volume’ appears partially filled after acrylate coating, especially for the thicker 
5.04 µm acrylate layer. Due to the size and distribution of these features, they are 
more obvious on lower magnification DIC images, shown later in Figure 6-59.  
Uncoated 
5.04 µm 
0.75 µm 
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Plain BOPP B had a very rough and intensely structured surface prior to acrylate 
deposition. This surface texture already disappears after applying the 0.75 µm thick 
acrylate and is even more disguised with the 5.04 µm acrylate layer.  
 
  
  
  
Figure 6-58: DIC light microscopy images of plain and acrylate coated BOPP C at two 
different magnifications; top: uncoated film; middle: 0.75 µm acrylate; 
bottom: 5.04 µm acrylate 
Also for BOPP C, the fine detail surface structure (as seen in DIC) of the plain film is 
concealed by the acrylate layer. In summary, at the lower magnification level shown 
in Figure 6-56 to Figure 6-58, differences in surface topography are still noticeable 
between BOPP A, B and C after acrylate coating (at both thicknesses), which have 
been induced by the underlying plain film surface characteristics (e.g. lowered, 
Uncoated 
5.04 µm 
0.75 µm 
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round-shaped surface features on BOPP A, roughness/bumps on BOPP B, large 
antiblock particles on BOPP C). 
On comparing the 0.75 µm thick deposits with the plain film surfaces (still at the 
lower magnification level), it appears that the thin acrylate layer induces additional 
circular-shaped surface features. This is particularly pronounced for BOPP A and B 
and less obvious for BOPP C. The former two BOPP films already showed a smaller 
number of antiblock particles with a diameter of more than 5 µm (see Section 
6.1.2.2), compared to BOPP C, which featured substantially larger antiblock 
particles. Consequently, for BOPP A and B, the surface features seen after applying 
the 0.75 µm thick acrylate layer cannot solely be caused by large antiblock particles 
that could not be over-coated and eliminated by the acrylate layer, but must be 
generated by the acrylate itself (or its deposition process). This becomes also 
obvious if one compares the number of large antiblock particles on plain BOPP A 
and B with the number of surface features appearing after acrylate coating with a 
thickness of 0.75 µm in Figure 6-56 and Figure 6-57.  
In contrast to that, plain BOPP C (see Figure 6-58, top) reveals a vast amount of 
large antiblock particles (dark spots in Figure 6-58, top) and this amount appears 
very similar to the number of circular features found after acrylate coating with a 
thickness of 0.75 µm, as well as 5.04 µm. Thus, investigating BOPP C only would 
suggest that the acrylate enhances the appearance of large antiblock particles, but 
not that the acrylate promotes the appearance of additional surface features. 
When investigating the 5.04 µm thick acrylate layers, the number of the previously 
mentioned circular features is largely reduced, compared to the 0.75 µm thick 
acrylate layer, and is more resembling the number of large antiblock particles found 
on the respective plain BOPP films A to C. Therefore, for the 5.04 µm thick acrylate 
layer, these features are quite likely generated by large antiblock particles in the 
BOPP film surface. It also appears that the features have an increased diameter, 
compared to the respective antiblock particles on the plain film. This may be due to 
the acrylate forming a skin over the protruding antiblock particle, thus reducing the 
slope around the particle, but increasing the overall diameter of it (in top view). 
Consequently, the acrylate layer may enhance and amplify the size of over-coated 
antiblock particles.  
The origin of the circular-shaped features on the 0.75 µm thick acrylate will be 
further investigated at the end of this section, via analysis of the acrylate layers 
deposited onto the silicon wafers. 
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On comparing the higher magnification DIC images of the BOPP films pre- and post-
acrylate deposition, one can observe that the typical background structure of each 
BOPP film and small submicron size antiblock particles are completely eliminated, 
already by the 0.75 µm thick acrylate layer. This is particularly pronounced for 
BOPP A and also BOPP B, which exhibited more submicron size antiblock particles, 
compared to BOPP C. The 5.04 µm thick acrylate coat additionally masks larger 
antiblock particles. All three BOPP film types look very similar, virtually identical, 
after acrylate coating and show the same ‘featureless’ surface background. 
Consequently, one can no longer distinguish between the different BOPP film types 
at this magnification level.  
At a lower magnification level, there are, however, still distinctive differences (after 
acrylate coating) between the three BOPP film types, in terms of protrusions caused 
by antiblock particles and other surface characteristics, such as the surface 
background structure observable on this scale (refer to Figure 6-59 for lower 
magnification images of the acrylate coated BOPP films). Despite the topographical 
differences, the barrier performance of all three BOPP film types was very similar 
after AlOₓ coating and was not significantly affected by the acrylate thickness (see 
Table 6-27). It can, therefore, be concluded that the barrier performance is mainly 
due to the newly generated chemical functionality of the surface, which in turn 
enhances the growth of the AlOₓ coating and hence its structural and barrier 
properties. It is evident from this study that the surface topography has less impact 
on the barrier properties.  
DIC investigations of AlOₓ coated polymer films have shown that at the highest 
magnification level provided by the DIC light microscopy analysis, one cannot 
distinguish between plain and AlOₓ coated surfaces, thus indicating that the 
resolution offered cannot resolve the thin AlOₓ layer. Therefore, DIC images of the 
acrylate undercoats with deposited AlOₓ barrier layer are not shown in this 
investigation. 
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0.75 µm acrylate 5.04 µm acrylate 
  
  
  
Figure 6-59: DIC light microscopy images of acrylate coated BOPP films at lower 
magnification; left: 0.75 µm acrylate; right: 5.04 µm acrylate; top: BOPP A; middle: BOPP B; 
bottom: BOPP C 
Based on the observation of ‘additional’ circular-shaped features, assumed to be 
due to the 0.75 µm thick acrylate layers, the silicon wafers (coated as reference 
sample with each run) were also investigated by DIC light microscopy. The pristine 
wafers have a featureless surface, without any structures similar in size and shape 
to the antiblock particles found on the BOPP films. Consequently, the wafer surfaces 
should still be featureless after acrylate coating, if the features found for acrylate 
coated BOPP (distinctively pronounced for the 0.75 µm thick acrylate) are caused 
by antiblock particles only. DIC images of the uncoated, 0.75 µm thick coated and 
BOPP A 
BOPP B 
BOPP C 
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5.04 µm thick coated silicon wafer are shown in Figure 6-60 (same magnification as 
DIC images in first column of Figure 6-56, Figure 6-57 and Figure 6-58). 
 
  
  
Figure 6-60: DIC light microscopy images of plain and acrylate coated silicon wafers; top left: 
plain wafer; top right: 0.75 µm thick acrylate; bottom left: 5.04 µm thick acrylate; bottom right: 
step edge on wafer with 0.75 µm thick acrylate on bottom (lower magnification) 
From the DIC images in Figure 6-60, it becomes obvious that there are additional 
features emerging after acrylate coating with a 0.75 µm thick layer. The uncoated 
silicon wafer has a very smooth and structureless surface appearance and just 
exhibits a few dark spots that can be attributed to contaminants, such as dust or 
debris. In contrast to that, characteristic circular-shaped features appear after 
coating with an acrylate layer of 0.75 µm thickness. These are similar in number and 
size to the circular structures found on the BOPP films after acrylate coating. As 
suggested by the investigation of BOPP A and B (both coated with a 0.75 µm thick 
layer of acrylate), these must be caused by or during acrylate deposition. 
Figure 6-60 additionally indicates that there are also some features evident for the 
thicker acrylate layer. Further investigation of the silicon wafer with the thin acrylate 
coating using white light profilometry revealed that the round features found have 
the shape of small pits surrounded by a ring-shaped elevation. In contrast to this, 
the features on the acrylate coated BOPP films appear inverted, with a mound 
Plain wafer 0.75 µm 
5.04 µm 
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surrounded by a circular trench. One possible explanation for this may be a 
dewetting phenomenon, occurring between acrylate deposition and curing process. 
This dewetting phenomenon may result in different appearances, depending on the 
individual substrate properties (silicon wafer versus BOPP film), and can be caused 
by contaminations on the surface or even antiblock particles. Hence, the presence 
and/or inclusion of contamination (dust/debris on the BOPP film and silicon wafer 
surface, presumably held by static forces) during acrylate deposition may result in 
the formation of the observed features in the acrylate layer. Dewetting would also 
elucidate that the previously described features diminish with increasing thickness. 
For thinner acrylate layers, the structures are more distinctive and, subsequently, 
start to disappear with increasing acrylate thickness, i.e. the contaminations become 
over-coated. Furthermore, it is assumed that the exposure to ambient conditions, 
associated with off-line acrylate coating of A4 samples, represents a source of 
contamination. The latter can, of course, be reduced or eliminated entirely, if the 
acrylate layer is applied in-line via a roll-to-roll process along with the inorganic 
barrier layer and without breaking the vacuum, as done by other researchers [96, 
136, 170, 390]. Henry and co-workers [394], who used the same monomer TPGDA 
to deposit acrylate layers onto polyethylene naphthalate, state that large protrusions 
may occasionally occur on the acrylate coating. They suggest that these features 
may be due to acrylate droplets curing as ‘flakes’ and, subsequently, falling onto the 
substrate. On the other hand, Affinito et al. [170] report that the use of an electron 
beam for curing can result in a charge built up of the polymer film and subsequent 
electrostatic discharge (when in contact with the grounded rollers) may lead to the 
formation of pits in the surface. 
There are, though, a lot more of these features observable for BOPP C (for both 
acrylate thicknesses), compared to BOPP A and B, thus suggesting that large 
antiblock particles (which were found to a greater extent on BOPP C) also create 
some of these characteristic features. This would be in good agreement with 
findings of Yializis’ [392] SEM investigations. He reports that whilst smaller defects 
were covered by an approximately 1.5 µm thick acrylate layer, larger defects, such 
as protruding antiblock particles, were still replicated in the acrylate layer. 
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6.4.1.3 Surface roughness (AFM analysis) 
In addition to light microscopy, samples were characterised using atomic force 
microscopy. No extensive SEM investigations were carried out, as it was concluded 
that this would not offer any additional vital information to the results obtained from 
the combination of DIC optical microscopy and AFM analysis.  
For the AFM analysis, areas of 5 x 5 µm² were analysed and at least eight scans 
were performed per sample on different surface areas to obtain average values and 
standard deviations for RMS and roughness average. Care was taken not to 
perform any scans in the direct vicinity of large protruding surface features. 
Representative AFM scans of the uncoated BOPP films and the acrylate layer (in 
this case 0.75 µm acrylate coating on BOPP A) are illustrated in Figure 6-61.  
 
  
  
Figure 6-61: 5 x 5 µm² AFM scans pre- and post-acrylate deposition; top left: plain BOPP A; 
top right: plain BOPP B; bottom left: plain BOPP C; 
bottom right: 0.75 µm acrylate on BOPP A 
In all cases, i.e. thick and thin acrylate layers on all three BOPP films, the scans 
revealed the same smooth surface texture. This could be expected, since all 
samples were coated with the same material. The acrylate layer exhibits a fine 
BOPP A BOPP B 
BOPP C 0.75 µm acrylate 
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surface texture, consisting of very fine granular-like features (see Figure 6-61, 
bottom right). The only difference observable between the various samples 
investigated was the additional background structure that the granular texture was 
superimposed on. This is an additional waviness that affects the measured surface 
roughness values to a large extent, as will be shown later. In order to obtain directly 
comparable AFM images, all images in Figure 6-61 have the same scale bar for the 
z-value. Thus, it is clearly noticeable from the colouration of the images that the 
acrylate layer is a lot smoother, compared to the surface of the uncoated BOPP 
films.  
The AFM images, additionally, show that the acrylate layer covers over and 
eliminates the characteristic surface texture of the plain BOPP films. In the case of 
BOPP A, no craters/dimples are visible and also the background structure (here 
showing a diagonal orientation) is concealed. Similar effects can be observed for 
BOPP B, where the undulating structure is masked by the acrylate layer. This 
suggests that also on the scale of the AFM investigation, the acrylate layer has a 
planarisation effect, covering and eliminating all characteristic substrate surface 
features. Overall, the structure on the AFM images of the acrylate coatings in this 
study looks similar to the structure of AFM images obtained by Henry et al. [391] (for 
0.2 µm thick acrylate layers deposited onto polyethylene naphthalate). 
Representative AFM images of an uncoated and an AlOₓ coated acrylate layer are 
shown in Figure 6-62 (here for a 5.04 µm thick acrylate layer on BOPP A). After 
AlOₓ coating, the surface structure appeared to be slightly altered, with the granular 
features increased in size. Thus, the images give the impression that the fine-
granular structure is more pronounced and coarse. Still, however, the AlOₓ coated 
and non-coated acrylate layers look very similar. 
 
  
Figure 6-62: 5 x 5 µm² AFM scans pre- and post-AlOₓ deposition; left: 5.04 µm acrylate on 
BOPP A; right: BOPP A with 5.04 µm acrylate undercoat and AlOₓ layer 
Acrylate AlOₓ 
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The noticeable change of surface structure with AlOₓ coating differs from the results 
found previously, when AlOₓ coatings were applied without any undercoat. Without 
any acrylate undercoat, the AlOₓ coatings replicated the underlying substrate 
surface structure. The slightly enhanced grain-like features after AlOₓ coating of the 
acrylate may be due to the nucleation and growth of the inorganic barrier coating 
starting from preferred nucleation sites, which increase in size. Consequently, this 
can result in the formation of larger grains and addition of grain boundaries, as 
suggested by Affinito et al. [329]. Nevertheless, one needs to remember that the 
quality and resolution of AFM images strongly depends on the AFM tip radius; if the 
tip radius increases (due to tip contamination or wear), the fine-scale topography 
can no longer be imaged [330, 331]. There may have been variations in AFM tip 
radius, either as supplied by the manufacturer, or induced by the use of the tip, e.g. 
faster wear of the tip due to the AlOₓ being a hard material (compared to the soft 
polymer). This wear/deterioration of the tip may have not been noticed when the 
surface texture has not such fine detail that a slight increase in tip radius would lead 
to these details no longer being imaged. In the case of acrylate coated films, the 
hypothesis of tip deterioration (change in tip radius) is supported by observations 
made during AFM analysis. A tip that gave repeatable fine-scale AFM images for the 
acrylate layers of various samples was used on several AlOₓ coated samples and, 
subsequently, again on an acrylate layer, where the fine-scale topography could 
then no longer be imaged. Furthermore, several new and unused tips could not 
resolve the fine detail that other AFM tips revealed for acrylate layers. These tips 
were, consequently, not applied in this investigation.  
The AFM investigation was further used to obtain information about the surface 
roughness before and after acrylate and AlOₓ deposition (in terms of RMS and 
roughness average values) and results are summarised in Table 6-28.  
As can be seen, in all cases, the roughness parameters are substantially lower for 
the acrylate coating (with and without AlOₓ), compared to the plain BOPP films, with 
average RMS values ranging from 1.1 to 1.8 nm (apart from two anomalies, see 
later). This confirms the smoothing effect of acrylate layers on the investigated 
scale, which could already be observed when comparing the respective AFM 
images. There are, however, two outliers in surface roughness. These were 
obtained for the 0.75 µm thick acrylate layer on BOPP B and the 0.75 µm thick AlOₓ 
coated acrylate layer on BOPP C, marked in red in Table 6-28. These comparatively 
large RMS and roughness average values are caused by an additional ‘waviness’ 
being present in the 5 x 5 µm² scans, which heavily impacts and increases the 
calculated roughness parameters. This additional surface topography, which 
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overlays the fine-granular structure of the acrylate, can only be explained by 
distortions being present in the thin 0.75 µm thick acrylate, presumably induced by 
underlying antiblock particles or contamination inclusions (although it was attempted 
not to perform AFM scans in the direct vicinity of large surface features, such as the 
circular-shaped characteristics described earlier). It may, furthermore, only be due to 
the individual sample used for AFM analysis, which only represents a small area of 
the overall coated film surface. 
 
Table 6-28: Surface roughness of plain, acrylate (undercoat) and AlOₓ coated BOPP films 
(calculated from 5 x 5 µm² AFM scans) 
Film Description 
Root mean 
square 
Roughness 
average 
nm nm 
BOPP A 
Plain film 4.1 ± 0.7 3.3 ± 0.5 
+ 0.75 µm acrylate 1.3 ± 0.2 1.0 ± 0.2 
+ 0.75 µm acrylate + AlOₓ 1.8 ± 0.7 1.5 ± 0.6 
+ 5.04 µm acrylate 1.4 ± 0.2 1.1 ± 0.1 
+ 5.04 µm acrylate + AlOₓ 1.5 ± 0.3 1.2 ± 0.2 
BOPP B 
Plain film 6.1 ± 1.9 4.8 ± 1.6 
+ 0.75 µm acrylate 3.3 ± 0.7 2.6 ± 0.6 
+ 0.75 µm acrylate + AlOₓ 1.7 ± 0.3 1.4 ± 0.2 
+ 5.04 µm acrylate 1.4 ± 0.3 1.1 ± 0.2 
+ 5.04 µm acrylate + AlOₓ 1.6 ± 0.2 1.3 ± 0.2 
BOPP C 
Plain film 4.1 ± 0.3 3.3 ± 0.2 
+ 0.75 µm acrylate 1.1 ± 0.1 0.9 ± 0.1 
+ 0.75 µm acrylate + AlOₓ 2.8 ± 0.5 2.2 ± 0.4 
+ 5.04 µm acrylate 1.3 ± 0.2 1.0 ± 0.2 
+ 5.04 µm acrylate + AlOₓ 1.7 ± 0.4 1.4 ± 0.3 
 
This explanation is additionally supported by the fact that outliers only appeared for 
the thinner 0.75 µm acrylate (see also later topcoats, Section 6.4.2.2), which 
revealed a substantially larger amount of the circular surface features, compared to 
the 5.04 µm thick acrylate layer. It has to be noted that a small degree of waviness 
(i.e. additional background structure) was also present for all other acrylate layers, 
which can be seen from the variation of mean RMS values between 1.1 and 1.8 nm 
and the respective standard deviations. This was, however, not to the same extent 
as found for the two samples described above. Not taking these two outliers into 
account, all surfaces reveal very similar roughness values before and after AlOₓ 
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coating. Thus, despite the marginal changes in granular structure, one cannot 
necessarily conclude that the AlOₓ layer increased the surface roughness 
significantly (though the mean values for RMS and roughness average are slightly 
higher after AlOₓ coating). Apart from the two outliers, RMS figures obtained for the 
acrylate layers (AlOₓ coated and uncoated) are very much in agreement with 
findings by Affinito and co-workers [329], who state that RMS surface roughness of 
acrylate layers with and without inorganic coatings typically is of the order of 0.8 to 
1.5 nm. However, in their investigations this was only valid for UV radiation cured 
acrylate coatings, whilst for electron beam cured acrylates (as they are in this study) 
a higher surface roughness was claimed (although no values are reported in their 
publication).  
A way of removing the effect of additional surface topography (such as the 
waviness, which is also a main component of the topography of the plain BOPP 
films, see Figure 6-61) is to level the AFM images with a polynomial of higher order, 
such as 7th order line-wise levelling (which was the highest degree offered by the 
AFM software). All AFM images were generally levelled by a 1st order linear to 
remove lines caused by the scanning motion and the effect of sample tilt. If the 7th 
order levelling is sufficient to remove all waviness in the scan, this will give the 
surface roughness caused by the grain-like structure only. It has to be noted, 
though, that the waviness is part of the surface texture of the films (also seen in 
SEM images) and not an artefact induced by the AFM scanning process. Therefore, 
for describing the ‘true’ surface roughness (on 5 x 5 µm²), a 7th order line-wise 
levelling is not valid. Using 7th order line-wise levelling, however, helps to remove 
unwanted interference of roughness parameters by the overlying surface texture. 
Surface roughness results obtained after 7th order line-wise levelling are 
summarised in Table 6-29, whilst the effect it has on the appearance of AFM scans 
is shown in Figure 6-63. Due to the low RMS and roughness average values after 
7th order line-wise levelling, two decimal places are shown for the respective 
parameters. 
From Table 6-29 it is evident that the two outliers were eliminated by the levelling 
procedure when using a polynomial of higher order. Furthermore, also the 
roughness values of the plain BOPP films are decreased, as the levelling reduced 
the effect of the additional overlying surface texture, which largely affected BOPP A 
and B, on the calculated roughness values. This is also evident when comparing the 
AFM images of 1st and 7th order line-wise levelling in Figure 6-63.  
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Table 6-29: Surface roughness of plain, acrylate (undercoat) and AlOₓ coated BOPP films 
after 7
th
 order line-wise levelling (calculated from 5 x 5 µm² AFM scans) 
Film Description 
Root mean 
square 
Roughness 
average 
nm nm 
BOPP A 
Plain film 2.53 ± 0.13 1.99 ± 0.11 
+ 0.75 µm acrylate 0.86 ± 0.01 0.69 ± 0.01 
+ 0.75 µm acrylate + AlOₓ 1.09 ± 0.03 0.87 ± 0.02 
+ 5.04 µm acrylate 0.88 ± 0.01 0.70 ± 0.01 
+ 5.04 µm acrylate + AlOₓ 1.18 ± 0.05 0.94 ± 0.04 
BOPP B 
Plain film 3.55 ± 0.20 2.81 ± 0.15 
+ 0.75 µm acrylate 0.89 ± 0.02 0.71 ± 0.01 
+ 0.75 µm acrylate + AlOₓ 1.04 ± 0.04 0.82 ± 0.03 
+ 5.04 µm acrylate 1.02 ± 0.04 0.81 ± 0.03 
+ 5.04 µm acrylate + AlOₓ 1.35 ± 0.17 1.08 ± 0.13 
BOPP C 
Plain film 3.45 ± 0.13 2.72 ± 0.10 
+ 0.75 µm acrylate 0.90 ± 0.01 0.71 ± 0.01 
+ 0.75 µm acrylate + AlOₓ 1.18 ± 0.09 0.93 ± 0.06 
+ 5.04 µm acrylate 0.84 ± 0.01 0.67 ± 0.01 
+ 5.04 µm acrylate + AlOₓ 1.24 ± 0.11 1.00 ± 0.08 
 
A comparison of the roughness values for the acrylate undercoat pre-and post-AlOₓ 
deposition also indicates that the AlOₓ layer slightly increased the surface roughness 
in all cases. This is now in agreement with the previous findings based on AFM 
images, which showed a more pronounced and coarse granular structure for the 
AlOₓ coated acrylate undercoats. It is, once again, emphasised here that the coarser 
structure observed for the AlOₓ coated acrylate layer has not been confirmed to be 
solely due to the AlOₓ layer itself, but may well be an imaging artefact of AFM 
analysis.  
When comparing the images of the plain film surfaces and also their roughness 
parameters (after 1st and 7th order levelling), it becomes clear that BOPP A and B 
are strongly affected by the superimposed waviness (large decline in RMS), whilst 
for BOPP C, the change in roughness and appearance is only small. Furthermore, 
the scan of BOPP A shows that not all waviness could be removed by the 7th order 
levelling.  
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Figure 6-63: 5 x 5 µm² AFM scans; left 1
st
 order levelled and right 7
th
 order levelled; from top 
to bottom: BOPP A, BOPP B, BOPP C and BOPP B with 0.75 µm thick acrylate  
BOPP B 
BOPP A 
BOPP C 
Acrylate 
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6.4.2 Acrylate topcoats 
6.4.2.1 Barrier properties 
Along with depositing acrylate undercoats onto the three plain BOPP films, AlOₓ 
coated versions of the same BOPP films were provided with an acrylate topcoat 
during the same runs (0.75 µm and 5.04 µm thick acrylate layers). The samples 
chosen for this investigation have previously been AlOₓ coated with the additional 
application of in-line plasma pre- and post-treatment (coated as rolls of film). The 
barrier levels measured before and after acrylate topcoat deposition are outlined in 
Table 6-30. Also listed in this table are the respective BIF values induced by the 
acrylate topcoat and the plain film barrier performance. 
 
Table 6-30: Barrier properties (OTR and WVTR) of AlOₓ coated BOPP films with acrylate 
topcoats of 0.75 µm and 5.04 µm thickness 
Film Description 
OTR WVTR 
cm³/(m² d) BIF g/(m² d) BIF 
BOPP A 
30 µm 
Plain (uncoated) 1250 – 1450 - 4 – 5 - 
Plain + AlOₓ 257 ± 15 - 3.98 ± 0.30 - 
AlOₓ + 0.75 µm 
acrylate 
49.0 ± 4.7 5.2 2.70 ± 0.09 1.5 
AlOₓ + 5.04 µm 
acrylate 
38.1 ± 0.1 6.7 2.32 ± 0.03 1.7 
BOPP B 
15 µm 
Plain (uncoated) 2500 – 2900 - 7 – 8 - 
Plain + AlOₓ 82.6 ±17.7 - 5.89 ± 0.18 - 
AlOₓ + 0.75 µm 
acrylate 
28.9 ± 8.5 2.9 5.17 ± 0.20 1.1 
AlOₓ + 5.04 µm 
acrylate 
16.2 ± 1.1 5.1 4.45 ± 0.10 1.3 
BOPP C 
20 µm 
Plain (uncoated) 2000 - 2100 - 6 – 7 - 
Plain + AlOₓ 26.7 ± 3.1 - 
4.73 ± 0.07 
2.32 ± 0.05* 
- 
AlOₓ + 0.75 µm 
acrylate 
13.7 ± 0.5 1.9 0.46 ± 0.07 10.3 
AlOₓ + 5.04 µm 
acrylate 
8.12 ± 0.06 3.3 0.36 ± 0.03 13.2 
*aged (measurement taken later, see Section 6.2.1.2) 
 
The measurements summarised in Table 6-30 expose an obvious oxygen barrier 
improvement owing to the deposition of an acrylate topcoat. The improvement is 
larger than could be expected based on the ideal laminate theory (Equation (4-8)) 
and is the most pronounced for AlOₓ coated BOPP A and the least for AlOₓ coated 
BOPP C, as can be concluded from comparing the individual BIFs. This means that 
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on films that already had better oxygen barrier properties after AlOₓ coating, the 
barrier enhancement derived from an acrylate topcoat is not as great. It is, 
furthermore, noticeable that for all samples, an increase of acrylate layer thickness 
further lowered the respective OTR values and their standard deviations. This is in 
contrast to the acrylate undercoats, where an increase of acrylate thickness did not 
result in further barrier improvement after AlOₓ coating. When comparing the 
WVTRs before and after acrylate topcoat deposition, only a minute improving effect 
is evident for BOPP A and B, which is marginally increased for the thicker topcoat. 
For BOPP C, by contrast, the application of acrylate topcoats resulted in WVTR 
values of less than 1 g/(m² d) for both topcoat thicknesses. I should, however, be 
mentioned here that AlOₓ coated BOPP C, in contrast to AlOₓ coated BOPP A and 
B, showed an improvement of water barrier with time (see Chapter 6.2.1.2), 
although this improvement was not ‘spectacular’ (WVTR halved within 
approximately two years after coating). This film has been the best performing 
BOPP film with AlOₓ coating, which was attributed to the higher oxygen content in 
the BOPP film surface (see Chapter 6.1.3.2).  
The barrier enhancement when using acrylate (and other polymer based) topcoats 
has been reported by several research groups [96, 175, 290, 391, 392, 395]. In 
general, the improvement of barrier properties was attributed to the protection of the 
inorganic barrier layer from intense stress (which can create coating fracture) and 
damage/scratching during winding (in vacuum and during subsequent conversion), 
due to the polymer coats abrasion resistance and mechanical robustness [175, 329, 
390, 392, 396]. This is especially of importance when the acrylate coating is applied 
in-line (in vacuum), without any contact of the thin inorganic barrier layer with the 
equipment (rollers etc.) prior to deposition of the topcoat. It is this initial contact of 
the barrier layer with the equipment and also the reverse side of the film during 
rewind that can already result in the formation of defects in the coating (and thus 
induce deterioration of barrier properties). Applying an in-line topcoat eliminates this 
source of defects. In this study, however, the topcoats were applied off-line on A4 
samples that were previously AlOₓ coated in a roll-to-roll process and, consequently, 
were exposed to contact with the equipment and reverse side of the film and further 
handling (e.g. cutting of samples, mounting for acrylate deposition etc.). Therefore, 
damage to the originally pristine inorganic barrier layer may have been inflicted 
before deposition of the acrylate. It is, thus, assumed that the improvement in barrier 
performance must be associated with other effects occurring during acrylate 
deposition. Here, it is important to mention Affinito’s and Hilliard’s [154] idea of the 
infiltration of the polymer topcoat (i.e. acrylate) into the defects of the inorganic 
coating, such as pinholes, damage/cracks or even grain boundaries. This ‘pore 
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filling’ process results in a reduction of the permeability/diffusion coefficient (for the 
respective permeant) within the defects from that of air to that of the 
polymer/acrylate, which is a lot lower [4]. Consequently, the overall permeation 
through the topcoated film can be significantly reduced. This approach has also 
been taken up by other researchers, for example for the plugging of defects by 
nano-particles as described by Ramadas and co-workers [397], the filling of defects 
with an adhesive during lamination as stated by Miesbauer et al. [133] or the healing 
of defects/flaws in SiOₓ barrier coatings by deposition and cross-linking of 
organosilane layers [314, 398]. Even before Affinito and Hilliard, Amberg-Schwab et 
al. [395] suggested the compensation of macroscopic defects induced by the 
application of a hybrid polymer topcoat and schematically show the ‘pore filling’ 
effect. Furthermore, analytical evidence has been found that confirmed the filling of 
pores (nano-defects) when using a monomer deposition process for polymer layers 
[173].  
Here, it is assumed that the ‘pore filling’ is the predominant reason for the improved 
barrier performance, especially oxygen barrier, after application of the acrylate 
topcoat. AlOₓ coated BOPP A exhibited a large amount of defects in its coating 
(refer to Sections 6.2.2.2 and 6.2.2.3), which was assumed to be the reason for the 
high OTR values (prior to topcoat deposition). With the application of the topcoat, 
the filling of these defects largely impacts and reduces the OTR and, therefore, 
results in the higher BIFs, compared to the other BOPP films.  
It is still surprising, though, that only on AlOₓ coated BOPP C, the topcoat also 
significantly improved WVTR, whilst for BOPP A and B the improvement is 
negligible. It is thought here that due to the lack of larger defects (as present in the 
AlOₓ layer on BOPP A and presumably also BOPP B) the smaller defects (maybe 
even microscopic defects/nano-defects, see Section 4.6.2) in the AlOₓ coating of 
BOPP C are filled with the acrylate and, consequently, the water vapour permeation 
is reduced. When larger (macroscopic) defects are present in the inorganic barrier, 
then these are believed to get preferably filled. 
In addition to that, the barrier properties of the acrylate itself, which is now adjacent 
to the inorganic barrier layer, play an important role in reducing the permeation 
rates, as discussed in the previous section about acrylate undercoats (refer to 
Chapter 6.4.1.1). The acrylate, with its better oxygen barrier compared to BOPP, 
changes the concentration gradient for oxygen in direct vicinity to the 
defects/pinholes in the AlOₓ layer and, therefore, reduces the overall oxygen 
permeation. This effect becomes more pronounced with increasing the thickness of 
the acrylate layer. Furthermore, a thicker acrylate layer will also cover larger 
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antiblock particles protruding further from the coated BOPP film surface. These 
antiblock particles are known to generate defects in thin inorganic barrier layers 
[231, 232]. Langowski also states that “when an inorganic layer lies between two 
polymer layers having very different permeation coefficients, the combination of the 
polymer material with the lower permeability and the inorganic layer dictate the 
overall permeability” [126]. 
For BOPP C, it is also worth mentioning that the topcoat is more effective in 
enhancing barrier performance (OTR and WVTR) than an acrylate undercoat. 
Similar findings have also been published by other researchers [96, 175]. 
On combining several organic (e.g. acrylate) and inorganic layers to multilayer 
structures (not done in this study), the barrier improvement is assigned to an 
increase in lag time (time until equilibrium permeation is reached), due to the 
generated tortuous paths that the permeating substance has to negotiate. Once the 
lag time has passed and a steady-state (equilibrium) permeation is reached, the 
amount of permeating molecules and hence transmission rate will be a lot higher 
than originally obtained/measured. This means that in organic/inorganic multilayer 
structures, the permeation is decelerated, but not completely eliminated. [136] 
However, the various barrier improvements achieved strongly depend on the 
acrylate chemistry used, as well as on the type of inorganic barrier layer and its 
properties (see the different results for under- and topcoats on PET with aluminium 
oxide and indium cerium oxide barrier layers, as obtained by Miyamoto et al [175]). 
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6.4.2.2 Surface topography and roughness 
In addition to the acrylate undercoats on BOPP A to C, the acrylate topcoats on the 
AlOₓ coated BOPP films were also examined in terms of surface topography and 
roughness, using DIC light microscopy and 5 x 5 µm² AFM scans.  
As the thin AlOₓ layer did not change the surface topography of the BOPP films (and 
could neither be detected in DIC light microscopy), it is not surprising that the DIC 
images of the acrylate topcoats look identical to the DIC images shown for the 
respective acrylate undercoats in Chapter 6.4.1.2. Consequently, analogous 
observations can be made with respect to the smoothing effect of the two acrylate 
thicknesses on the different BOPP films for various magnification levels, as well as 
the circular-shaped features appearing for the 0.75 µm thick acrylate layer. Based 
on the similarities and the extensive discussion in Chapter 6.4.1.2, no light 
microscope images of the acrylate topcoats will be shown and discussed in this 
section. 
The same applies to the AFM investigation of the acrylate topcoats. Also here, a 
minimum of eight scans per sample was carried out to obtain statistically reliable 
roughness results. Once again, all acrylate layers showed a very smooth surface 
appearance and exhibited the same fine-granular surface structure as already seen 
when investigating the acrylate undercoats on the plain BOPP films (see Figure 
6-61, bottom right). This was to be expected, based on the fact that all acrylate 
layers of a respective thickness (5.04 µm or 0.75 µm) were deposited in the same 
experiment. Furthermore, also in the case of the topcoats, the fine-grainy texture 
was overlaid by an additional surface waviness, which affected the measured 
surface roughness values and their standard deviations (see Table 6-31, analogous 
to the discussion in Chapter 6.4.1.3). Due to the appearance of the acrylate topcoats 
being identical to the undercoats, no AFM images are shown in this chapter and the 
reader is referred to Figure 6-61, bottom right, for an AFM image of the acrylate 
surface and Chapter 6.2.2.3, for a discussion of the AFM investigation of the AlOₓ 
coated BOPP films. The roughness results obtained from the AFM analysis of the 
acrylate topcoats are presented in Table 6-31. For comparison, the roughness 
parameters of the individual AlOₓ coated BOPP films prior to acrylate deposition are 
displayed.  
For all BOPP films and both acrylate layer thicknesses, the acrylate coatings reveal 
a significant smoothing effect as can be deduced from the reduced RMS and 
roughness average values after acrylate deposition. This is, once again, in 
agreement with the findings for undercoats (see Section 6.4.1.3). Apart from one 
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anomaly (0.75 µm acrylate on AlOₓ coated BOPP B), mean RMS values are of the 
order of 1.2 to 1.8 nm, i.e. comparable to the acrylate undercoats. The outlier in 
surface roughness (2.3 ± 1.0 nm) was, again, found for the thinner acrylate layer on 
BOPP B. As discussed in detail previously, this high roughness is due to an 
additional surface waviness superimposing the fine-granular texture.  
 
Table 6-31: Surface roughness of AlOₓ coated BOPP films and acrylate topcoats (calculated 
from 5 x 5 µm² AFM scans) 
Film Description 
Root mean 
square 
Roughness 
average 
nm nm 
BOPP A 
AlOₓ 4.1 ± 0.6 3.3 ± 0.5 
AlOₓ + 0.75 µm acrylate 1.3 ± 0.3 1.0 ± 0.3 
AlOₓ + 5.04 µm acrylate 1.2 ± 0.1 0.9 ± 0.1 
BOPP B 
AlOₓ 6.0 ± 0.7 4.8 ± 0.6 
AlOₓ + 0.75 µm acrylate 2.3 ± 1.0 1.9 ± 0.8 
AlOₓ + 5.04 µm acrylate 1.5 ± 0.5 1.2 ± 0.5 
BOPP C 
AlOₓ 4.3 ± 0.3 3.4 ± 0.2 
AlOₓ + 0.75 µm acrylate 1.8 ± 0.3 1.4 ± 0.2 
AlOₓ + 5.04 µm acrylate 1.5 ± 0.2 1.1 ± 0.2 
 
Table 6-32 summarises the roughness results obtained for the acrylate topcoats 
after 7th order line-wise levelling, which largely removed the effect of the wavy 
background structure and led to a reduction of the mean RMS and roughness 
average values, compared to Table 6-31. Also this is in agreement with the finding 
for acrylate undercoats. All acrylate layers exhibit similar roughness values after 7th 
order line-wise levelling and one cannot conclude that the thicker acrylate layers are 
smoother than the thinner ones or vice versa. 
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Table 6-32: Surface roughness of AlOₓ coated BOPP films and acrylate topcoats after 
7
th
 order line-wise levelling (calculated from 5 x 5 µm² AFM scans) 
Film Description 
Root mean 
square 
Roughness 
average 
nm nm 
BOPP A 
AlOₓ 2.66 ± 0.23 2.09 ± 0.17 
AlOₓ + 0.75 µm acrylate 0.91 ± 0.01 0.73 ± 0.01 
AlOₓ + 5.04 µm acrylate 0.96 ± 0.03 0.76 ± 0.02 
BOPP B 
AlOₓ 3.24 ± 0.17 2.56 ± 0.14 
AlOₓ + 0.75 µm acrylate 0.95 ± 0.02 0.76 ± 0.02 
AlOₓ + 5.04 µm acrylate 0.94 ± 0.01 0.75 ± 0.00 
BOPP C 
AlOₓ 3.72 ± 0.06 2.95 ± 0.04 
AlOₓ + 0.75 µm acrylate 0.96 ± 0.01 0.77 ± 0.01 
AlOₓ + 5.04 µm acrylate 0.93 ± 0.01 0.74 ± 0.01 
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6.4.2.3 Apparent activation energy of permeation 
The apparent activation energies of oxygen and moisture permeation through the 
plain BOPP films, AlOₓ coated BOPP films and topcoated films (with 0.75 µm 
acrylate) were determined, in order to obtain more information about the permeation 
mechanisms for water vapour and oxygen and how the latter are affected by the 
application of the acrylate topcoat. This investigation is especially interesting in the 
case of AlOₓ coated BOPP C, where a WVTR of less than 1 g/(m² d) was obtained 
with an acrylate topcoat. The activation energy approach has been used by several 
research groups [128-130, 164, 399, 400] for polymer films coated with inorganic 
barrier layers. It can give evidence of a macro-defect driven permeation, possible 
chemical interactions and also hindered permeation through nano-defects, due to 
the sensitivity of the apparent activation energy to changes in transport 
mechanisms. 
For this investigation, the temperature dependence of OTR and WVTR was 
determined via barrier measurements conducted at four different temperatures: 
20 °C, 30 °C, 40 °C and the respective standard measurement temperature of 23 °C 
for OTR and 37.8 °C for WVTR. The RH conditions for a standard measurement 
were also used: 50 % RH for OTR and a 90 % RH gradient for WVTR. Since there 
can be a change in activation energy of gas permeation through the polymer when 
the transition between glassy and rubbery state takes place [401], temperatures in 
this investigation were selected so that they are all above the glass transition 
temperature of the BOPP film (Tg in the range of 0 to 10 °C [55] for isotactic PP). 
Samples were generally measured for approximately 24 hours to ensure that 
permeation equilibrium was reached. The results were subsequently transformed 
into an Arrhenius plot based on Equation (4-7), in order to obtain the apparent 
activation energies from the slope of the regression line. Due to the time consuming 
measurement procedure, only two samples were investigated for each film and 
coating, i.e. two plain film specimens, two AlOₓ coated films and two topcoated films 
for each BOPP film type. Furthermore, only the 0.75 µm acrylate topcoats were 
investigated.  
The average apparent activation energies obtained in this investigation are 
summarised in Table 6-33, whilst the respective Arrhenius plots for each BOPP film 
are shown in Figure 6-64, Figure 6-65 and Figure 6-66. The two replicate 
measurements for one type of sample are marked with the same coloured symbol 
(but different shades) in the graphs (red circle: uncoated BOPP, blue triangle: AlOₓ 
coated BOPP and grey square: topcoat on AlOₓ coated BOPP).  
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Table 6-33: Apparent activation energies EQ for oxygen and water vapour permeation 
through plain, AlOₓ coated and topcoated BOPP films 
Film Description 
EQ (OTR) EQ (WVTR) 
kJ/mol kJ/mol 
BOPP A 
Plain 41.4 ± 0.8 53.5 ± 1.3 
AlOₓ 44.5 ± 1.0 50.3 ± 0.8 
AlOₓ + 0.75 µm acrylate 37.9 ± 1.4 46.2 ± 0.1 
BOPP B 
Plain 43.1 ± 1.0 52.0 ± 0.1 
AlOₓ 39.2 ± 1.0 49.2 ± 0.5 
AlOₓ + 0.75 µm acrylate 40.7 ± 3.8 43.6 ± 0.2 
BOPP C 
Plain 41.5 ± 0.3 57.3 ± 0.2 
AlOₓ 39.4 ± 0.3 51.8 ± 0.4 
AlOₓ + 0.75 µm acrylate 39.2 ± 0.7 58.6 ± 1.1 
 
It is obvious from the graphs that the linear trend line gave a very good fit in all 
cases, with coefficients of determination consistently being larger than 0.99. This 
means that activated rate processes are accountable for the oxygen and water 
vapour permeation of the samples investigated. 
The activation energies for oxygen permeation obtained for all three plain BOPP 
films are of the order of 40 to 44 kJ/mol, which is in agreement with the range given 
in literature [130, 402-404]. There is, however, still a small variation visible for the 
individual film types, which is attributed to different film compositions (additives, 
coextruded films with homopolymer core and either co- or terpolymer skin layers of 
varying thicknesses), as well the degree of film orientation, which appears to have 
an effect on the activation energy based on comparisons between CPP and BOPP 
[403, 405]. 
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Figure 6-64: Arrhenius plots for determination of apparent activation energies of oxygen (left) 
and water vapour permeation (right) for BOPP A 
After coating with AlOₓ, the activation energy for BOPP A reveals a small increase, 
whilst for BOPP B and C a slight drop is visible. Nevertheless, only two samples 
each were measured in this investigation and, furthermore, other researchers report 
quite high standard deviations for the activation energy of oxygen permeation 
(around 3 to 5 kJ/mol, see Tropsha and Harvey [128]). Also, as stated above, slight 
variations in the film composition and degree of orientation may have an effect on 
the activation energy. It is, moreover, noticeable from Figure 6-64 to Figure 6-66 that 
the linear regression lines run very much in parallel for the oxygen plots. 
Consequently, it is assumed that the changes seen are not significant and that the 
activation energies are identical within experimental error, despite the improvement 
in oxygen barrier (to different degrees) by the application of the inorganic coating 
(see Chapter 6.2.1.1). This indicates that after coating with AlOₓ, the permeation 
through the BOPP polymer film is the only temperature dependent and therefore 
rate-limiting process. The AlOₓ layer primarily acts as a hurdle containing 
macroscopic defects, which the permeating oxygen molecules have to negotiate in 
order to enter/leave the polymer. Hence, the permeation of oxygen through the AlOₓ 
coated BOPP films is via macroscopic defects, which do not physically hinder the 
flow of the permeating molecules. Analogous findings have been reported by other 
researchers for AlOₓ coated PP and PET [130, 160, 165] and further material 
combinations (predominantly SiOₓ on PET) [128, 129, 164, 399, 404, 405]. 
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Figure 6-65: Arrhenius plots for determination of apparent activation energies of oxygen (left) 
and water vapour permeation (right) for BOPP B 
The activation energy values for oxygen transport do, moreover, not change 
significantly after the deposition of the acrylate topcoat, although this resulted in a 
further enhancement of oxygen barrier properties (see Table 6-30). Only for 
BOPP A, a more distinct drop is noticeable, but the activation energy value obtained 
is still within the typical range for BOPP films. Once again, this suggests that the 
oxygen permeation through the AlOₓ coated and acrylate topcoated films is still a 
macro-defect driven process, with the permeation through the BOPP substrate 
being the rate-limiting step. This is in agreement with results obtained by Henry and 
co-workers [406] for the application of an acrylate topcoat to AlOₓ coated PET, but 
disagrees with findings of Miyamoto et al. [175]. The latter authors noted an 
increase of the activation energy for oxygen permeation by coating a PET substrate 
with AlOₓ, as well as by the additional application of an acrylate topcoat (thickness < 
1 µm). These inconsistencies of results may be explained by the effect of different 
vacuum deposition techniques (and conditions) and also the effect of the specific 
acrylate chemistry on the AlOₓ layer properties in each individual case. 
In this study, it is assumed that the improvement of OTR by the acrylate layer is due 
to the filling of macroscopic defects in the AlOₓ coating (‘pore filling’) and due to the 
better oxygen barrier properties of the acrylate, in contrast to BOPP (see Chapter 
6.4.2.1). It would be interesting to see what the activation energy (for oxygen 
permeation) of the acrylate layer on its own is, since this value may differ from the 
value for plain BOPP. Thus, if the permeation is dominated by the permeation 
through the acrylate (and not BOPP) as the rate-limiting step, the apparent 
activation energy of the AlOₓ coated film with acrylate topcoat would be expected to 
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change towards the activation energy value for the acrylate. This may well be 
noticeable for the thicker 5.04 µm topcoat, which has not been investigated in this 
study. 
The interpretation of the activation energy data for water vapour transport is, 
however, less straight forward, due to the larger spread and rather inconsistent 
behaviour of the data. The plain BOPP films reveal activation energies for moisture 
permeation, which range from 52.0 to 57.3 kJ/mol. These values differ from values 
reported in literature, though also here a broad range can be found (for example 
Deng et al. [130] report 64.6 ± 2.0 kJ/mol, while Tropsha and Harvey [128] state 
38.9 ± 2.1 kJ/mol and Hanika [404] 27.7 kJ/mol). 
 
  
Figure 6-66: Arrhenius plots for determination of apparent activation energies of oxygen (left) 
and water vapour permeation (right) for BOPP C 
For all three BOPP films, the activation energy is slightly decreased by the 
application of the AlOₓ layer, which is accompanied by a negligible improvement of 
WVTR (refer to Table 6-30). A decrease of the activation energy for moisture 
permeation by the application of an inorganic barrier layer has been reported by 
Henry et al. [160] for a 10 nm AlOₓ layer on PET produced via plasma enhanced 
PVD. They investigated a variety of AlOₓ coatings (manufactured by different 
deposition techniques), as well as other inorganic barrier layers, and found a very 
broad range of 22 to 64 kJ/mol for the activation energy of water vapour permeation 
through the inorganic barrier layers on PET (uncoated PET 41.5 kJ/mol). This was 
subsequently assigned to the permeation mechanism being strongly influenced by 
the coating chemistry. No further comments were made as to why the coating could 
lead to an increase, as well as a decrease, of the activation energy, compared to the 
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uncoated substrate, whilst improving WVTR largely in all cases. In this study, 
however, the drop in moisture activation energy (induced by AlOₓ coating) was 
rather small and, presumably, is not significant. Consequently, it is assumed that 
there may be some degree of chemical interaction, but the bulk of the water 
molecules still permeates unhindered through the AlOₓ layer (see also the small 
enhancement of WVTR induced by AlOₓ application, Table 6-30). This means that 
similar to the oxygen permeation through the AlOₓ coated BOPP films, also the 
water vapour permeation is dominated by the transport through the polymer 
substrate as rate-limiting process.  
In the case of BOPP A and B, the acrylate topcoat resulted in a further decrease of 
the calculated activation energy, whilst for BOPP C, an increase from 51.8 kJ/mol 
(BOPP C + AlOₓ) to 58.6 kJ/mol (BOPP C + AlOₓ + acrylate) was detected. An 
increase in activation energy can either be explained by a chemical interaction 
between the permeant and the coating or permeation through defects that physically 
hinder the flux of the permeating molecule, i.e. nano-defects/pores [129]. 
Nevertheless, it is assumed that by the application of the acrylate topcoat the AlOₓ 
layer itself is not changed in its intrinsic structure or chemistry (apart from the 
proposed ‘pore filling’) and, hence, it appears unlikely that the acrylate induces a 
chemical interaction between permeating water molecules and the AlOₓ layer. 
Furthermore, if this would be the case, a similar effect should have taken place for 
BOPP A and C (i.e. improvement of WVTR and increase of activation energy by the 
acrylate topcoat). Here, it is important to mention that AlOₓ coated BOPP C was the 
only film that exhibited an improvement of water barrier with time. When the acrylate 
topcoats were deposited, more than one year after the AlOₓ coated samples were 
produced, the WVTR had dropped to a value of around 2.32 g/(m² d) (approximately 
half the original value, see Table 6-30). After acrylate topcoat deposition, the WVTR 
was less than 1 g/(m² d), a significant improvement not obtained for any other BOPP 
film. It is, consequently, assumed that the ‘pore filling’ of smaller defects (e.g. 
smaller than the defects in the AlOₓ layers on BOPP A), maybe even nano-defects, 
results in this water barrier improvement for the acrylate topcoat on AlOₓ coated 
BOPP C and presumably also the rise in activation energy as the permeation 
becomes increasingly hindered. Henry et al. [406] and Miyamoto et al. [175] also 
report an increase of the activation energy for water vapour by the application of 
topcoats to AlOₓ coated PET. In the former publication, the increase in activation 
energy is assigned to the topcoat leading to a reduction in the volume fraction of 
permeation channels for water molecules and hence an enhancement of the 
interaction between water vapour and oxide layer.  
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Regarding the interpretation of activation energy data for water vapour, it should be 
mentioned that there are also a few cases published where despite the unchanged 
activation energy (no change in activation energy is generally attributed to a macro-
defect driven mechanism, as explained earlier for the oxygen permeation) additional 
investigations suggested a chemical interaction rather than a defect dominated 
permeation [128, 157]. Consequently, whilst the literature is very consistent in the 
reported data and associated evaluation for oxygen permeation, there is a broad 
spectrum of results and data interpretation available for the activation energy of 
water vapour, determined for polymer films coated with thin inorganic barrier layers. 
Based on the data obtained here from the activation energy measurements (water 
vapour but also oxygen permeation) for the various AlOₓ/acrylate coated and 
uncoated BOPP films, it is concluded that this evaluation approach is not an 
appropriate technique to asses information about the permeation mechanisms for 
water vapour and oxygen through inorganic AlOₓ barrier layers on polymer films. 
The changes seen here (for the different film types and coating variations) are not 
significant enough to allow a truly reasonable and unambiguous interpretation with 
respect to barrier/permeation mechanisms and, hence, cast doubt on the activation 
energy approach. 
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6.4.2.4 Calculation of transmission rate for topcoated films 
It is also possible to calculate an approximation for the expected transmission rate of 
the acrylate topcoated film, based on the permeability properties of the BOPP film 
and the acrylate, as well as the barrier improvement obtained through the 
application of the inorganic layer (see references [126, 153, 302]). Therefore, one 
has to imagine that the topcoated structure (BOPP/AlOₓ/acrylate) is split along the 
middle of the inorganic barrier layer. The BOPP substrate, as well as the acrylate 
layer, is now covered by exactly the same AlOₓ barrier layer, the latter being 
characterised by its size, shape and density of defects. These characteristic 
properties of the inorganic barrier layer can be described by its barrier improvement 
factor, which is now applicable for both polymers (BOPP and acrylate) adjacent to 
the inorganic layer. The overall transmission rate of this two-layer structure (i.e. 
layer 1 = AlOₓ coated BOPP; layer 2 = AlOₓ ‘coated’ acrylate) can be described by 
the following approximation, derived from the ideal laminate theory (Equation (4-8)) 
and the assumptions made above [126]: 
 
          (
      
        
  
      
            
)
  
     (6-1) 
Whereby BIF100 is the barrier improvement factor that would be obtained on a 
100 µm thick BOPP substrate and can be approximated the following way (similar to 
Equation (4-9) but replacing Q0 with Q100; Q is the transmission rate of the AlOₓ 
coated BOPP): 
 
         
        
 
  (6-2) 
As mentioned before, the BIF100 is now valid for the BOPP film, as well as the 
acrylate layer. Q100 is the transmission rate of the plain BOPP (or ‘plain’ acrylate) 
normalised for a 100 µm thick film/layer. The approach described in Equations (6-1) 
and (6-2) is, however, only valid, if the thickness of the polymers (acrylate and 
BOPP) is above a so-called critical thickness. Above this thickness, which for typical 
‘real’ barrier layers is less than 2.5 µm [393], the transmission rate of the coated 
substrate is independent of the substrate thickness. Consequently, this calculation 
approach will only be used in the following for topcoats of a thickness of 5.04 µm. 
The OTR values for the uncoated BOPP films (QBOPP) and the AlOₓ coated BOPP 
films (Q) were measured and, hence, the corresponding Q100, BOPP and BIF100 values 
can be calculated. The results are stated in Table 6-34, along with the measured 
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OTR values required for the calculation. For the uncoated BOPP films, the centre 
values of the OTR ranges stated in Table 6-1 are used. 
 
Table 6-34: Oxygen barrier properties of plain (QBOPP) and AlOₓ coated (Q) films, calculated 
normalised transmission rate of BOPP films (Q100) and BIF100 values 
Film 
(thickness) 
QBOPP Q Q100,BOPP 
BIF100 
cm³/(m² d) cm³/(m² d) cm³/(m² d) 
BOPP A 
(30 µm)  
1350 257 ± 15 405 1.6 
BOPP B 
(15 µm) 
2700 82.6 ± 17.7 405 4.9 
BOPP C 
(20 µm) 
2050 26.7 ± 3.1 410 15 
 
As can be seen, the Q100 values are very similar for BOPP A, B and C, which is to 
be expected as all three films are made from the same material.  
The only unknown parameter in Equation (6-1) is now the normalised transmission 
rate of the acrylate, Q100, acrylate. This transmission rate can be calculated using the 
OTR values measured for the 5.04 µm thick acrylate undercoats on the BOPP films 
(see Table 6-27). For this simple system consisting of two polymer layers 
(BOPP/acrylate), the ideal laminate theory (see Equation (4-8)) can be applied and 
Qacrylate can be calculated according to the following equation: 
 
             (
 
              
   
 
     
)
  
  (6-3) 
When this is done for all three BOPP films for an acrylate thickness of 5.04 µm and 
the respective normalised transmission rates are calculated, an average Q100, acrylate 
value of 132 cm³/(m² d) results. This value is, as expected, lower than the Q100 
values for the BOPP films, which is of importance for the barrier improvement 
obtained by the acrylate topcoat, since the combination of the inorganic barrier layer 
and the polymer with the lower permeability determine the final barrier properties of 
the multilayer structure [126].  
Now, Qtotal can be assessed using Equation (6-1) and the results obtained are 
summarised in Table 6-38, together with the measured values for the 5.04 µm 
acrylate topcoat on the AlOₓ coated BOPP films. 
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Table 6-35: Calculated (Qtotal) and measured (Qmeasured) oxygen transmission rates of AlOₓ 
coated BOPP films with 5.04 µm acrylate topcoat 
Film structure 
Qtotal Qmeasured 
cm³/(m² d) cm³/(m² d) 
BOPP A/AlOₓ/Acrylate 63.8 38.1 ± 0.1 
BOPP B/AlOₓ/Acrylate 18.9 16.2 ± 1.1 
BOPP C/AlOₓ/Acrylate 6.63 8.12 ± 0.06 
 
As can be seen, apart from BOPP A, the calculated and measured OTR for the 
acrylate topcoated AlOₓ coated BOPP are in relatively good agreement. Only for 
BOPP A, the actually measured transmission rate is significantly lower than the 
calculated value. Here, it has to be noted that this calculation approach does not yet 
take a ‘pore filling’ effect by the acrylate into account, as discussed in Section 
6.4.2.1. If this effect is considered, an additional term is added inside the brackets of 
Equation (6-1), which depends on the thickness of the inorganic barrier layer, the 
permeability of the acrylate, as well as characteristic defect properties, such as the 
defect density and effective mean area of one defect [133]. Nevertheless, in our 
case, these parameters are not known and, consequently, a calculation of Qtotal with 
simultaneous consideration of ‘pore filling’ is not possible. It is obvious, though, that 
this additional term results in a further reduction of the overall transmission rate Qtotal 
of the AlOₓ/topcoated structure. It is assumed that this is one of the main reasons for 
the deviation between calculated and measured OTR for AlOₓ/topcoated BOPP A. 
The SEM/AFM investigation of AlOₓ coated BOPP A (see Chapters 6.2.2.2 and 
6.2.2.3) revealed a substantial amount of defects in the AlOₓ layer (with a diameter 
of 50 to several 100 nm), in contrast to the other AlOₓ coated BOPP films. These 
defects presumably get filled by the acrylate and, thus, the OTR for BOPP A is 
lower. Despite the good agreement of the measured and calculated data for 
BOPP B and C (without considering ‘pore filling’), this calculation cannot exclude 
that ‘pore filling’ also takes place for these films. It is, however, clear that for these 
films, a far smaller amount of defects is present (as seen in the AFM and SEM 
investigation), compared to AlOₓ coated BOPPA. 
In the case of WVTR, a calculation of the expected transmission rate analogous to 
OTR is not possible due to two reasons. Firstly, the calculated BIF100 value is less 
than one (for BOPP A and B), thus rendering the calculation approach invalid [126]. 
Furthermore, the water vapour transmission rate of the acrylate is unknown and 
cannot be calculated, as the application of the acrylate onto the plain BOPP films did 
not result in any water barrier improvement (i.e. Equation (6-3) is not applicable).  
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6.5 Lamination of AlOₓ coated films 
AlOₓ coated BOPP films were converted using industrial-scale lamination processes. 
Solvent-based and solventless adhesive laminations were carried out. The aim of 
this study was to assess how AlOₓ coated BOPP films perform after lamination and, 
thus, how their barrier properties can withstand downstream processing. This is an 
important objective in order to make AlOₓ coated polymer film a fully commercially 
viable product within the packaging industry. 
6.5.1 Solvent-based adhesive lamination of AlOₓ coated BOPP 
6.5.1.1 Barrier properties 
The solvent-based adhesive lamination was performed using AlOₓ coated BOPP C 
(in-line plasma pre-treatment only). As described in Section 5.4.1, two lamination 
trials were conducted. For the first trial, the adhesive was applied onto the uncoated 
BOPP film (as done by other researchers for SiOₓ barrier layers [407]), whilst for the 
second trial, the adhesive was coated onto the AlOₓ layer itself (which is standard 
for metallised film lamination). The barrier levels before and after adhesive 
lamination, along with the plain film barrier performance, are stated in Table 6-36. 
 
Table 6-36: Barrier performance before and after lamination of AlOₓ coated BOPP C 
Description 
OTR WVTR 
cm³/(m² d) 
BIF 
(lamination) 
g/(m² d) 
BIF 
(lamination) 
Plain BOPP C 2000 – 2100 - 6 – 7 - 
BOPP C + AlOₓ  
(before lamination) 
48.6 ± 8.2 - 4.76 ± 0.35 - 
Lamination trial 1:  
adhesive onto 
uncoated BOPP 
11.9 ± 0.6 4.1 2.63 ± 0.17 1.8 
Lamination trial 2:  
adhesive onto AlOₓ 
183 ± 7 - 2.81 ± 0.08 1.7 
 
The results shown in Table 6-36 clearly demonstrate that conversion, such as 
lamination, of AlOₓ coated BOPP is possible without damaging the barrier properties 
achieved via the reactively evaporated AlOₓ coating. Furthermore, the oxygen 
barrier could even be improved by a factor of about four, compared to the AlOₓ 
coated film prior to lamination. This improvement is greater than expected on the 
basis of the ideal laminate theory (see Equation (4-8), by adding a 20 µm BOPP film 
and an adhesive layer), which is in good agreement with results published by other 
researchers for the lamination of AlOₓ coated PET [3, 294], SiOₓ/AlOₓ coated PET 
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[307], SiOₓ coated BOPP [64, 237, 408], as well as metallised PET and BOPP [64, 
149, 233, 237, 408]. The barrier improvement can be attributed to reasons similar to 
those for acrylate topcoats, as discussed in more detail in Section 6.4.2.1. Firstly, 
the barrier properties, i.e. permeability, of the polyurethane adhesive, which is now 
adjacent to the thin inorganic barrier layer and its defects, play an important role. 
Polyurethane adhesives, in general, have good oxygen barrier properties (better 
than BOPP) [126, 302], which has been stated by other researchers to be a possible 
reason for the barrier enhancement obtained during lamination [149, 233]. This is 
especially of importance if the adhesive thickness is above a so-called critical 
thickness, which depends on the size and density of defects, and in reality is 
typically less than 2.5 µm [393]. Then, the barrier properties of the adhesive 
dominate over those of the material laminated on top. Furthermore, the filling of 
defects (see Affinito and Hilliard [154]) in the inorganic barrier layer with the 
adhesive material can significantly improve the barrier properties of the laminated 
structure, as discussed by Miesbauer et al. [133]. Overall, a laminated film, where 
the AlOₓ layer is over-coated by an adhesive, is a comparable structure to an 
acrylate topcoat applied onto an AlOₓ coated film and, consequently, identical 
arguments for the barrier improvement can be made in both cases.  
The oxygen barrier was, nevertheless, only enhanced by lamination when the 
adhesive was coated onto the plain BOPP. In the case of the adhesive being 
applied onto the AlOₓ coating itself, the AlOₓ coating clearly must have been 
damaged and, thus, the OTR increased, in our case by a factor of 3.8 (i.e. from a 
mean value of 48.62 to 183.05 cm³/(m² d)). This damage may happen during the 
application of the adhesive, during the subsequent drying process or during any 
contact of the rollers with the barrier coating. All these steps of the lamination 
process place additional strain on the coating and may result in scratches/cracks of 
the brittle AlOₓ, which can act as permeation pathways for oxygen. However, the 
adhesive application itself via the flexo trolley is ‘cautious’ and good for delicate 
substrates, based on the ‘kiss’ contact between roller and film. The drying process is 
very short (drying tunnel approximately 7 m long, distance between application head 
and drying tunnel approximately 2 m, web speed 150 m/min) and, additionally, it can 
be assumed that stretching of the BOPP film due to web tensions is less than 1 %. 
Therefore, the barrier should not be affected (see barrier retention on elongation 
investigations, Section 6.2.1.5). Possible damage of the thin inorganic barrier layer 
and hence induced increase of OTR has been reported for metallised PET during 
extrusion lamination [149, 393] and is also mentioned by other researchers [151]. A 
further reason for the deterioration of oxygen barrier may be a possible interaction or 
chemical reaction between the adhesive or solvent (ethyl acetate) used and the thin 
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AlOₓ layer. This will be further investigated in Section 6.5.1.3. The chemical attack of 
an aluminium metal layer in a laminated film structure is possible, despite its native 
protective oxide (which is not immune to chemical attack), and leads to the chemical 
conversion of aluminium to its transparent oxide or hydroxide, as stated by Mount 
[409]. This is generally induced in an acid or alkaline environment, due to the pH 
value of the adhesive. Nevertheless, Mount does not make any comments about a 
deterioration of barrier properties with the observed chemical attack of the 
aluminium barrier layer. 
In the case of water vapour transmission rate, the barrier only improved by a factor 
of 1.7 to 1.8 (for both lamination trials). This, basically, just reflects the barrier 
improvement by adding an additional 20 µm BOPP film on top (e.g. for a twice as 
thick BOPP film, 40 µm instead of 20 µm, the value for the transmission rate is 
approximately halved). Based on the fact that the AlOₓ layer did not significantly 
generate any barrier to moisture (compared to the plain BOPP film), this was to be 
expected. 
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6.5.1.2 Solvent retention and optical appearance 
One important requirement for laminates produced using solvent-based adhesives is 
that the content of residual solvents is kept below a certain threshold value (typically 
less than 20 mg/m² for food packaging) in the final packaging material in order to 
avoid odour and/or off-flavour, which would spoil the taste of the packaged 
foodstuffs. Therefore, the residual solvents content is an important parameter that 
needs to be measured with regards to the ‘real’ product application. For the trials 
conducted, the amount of residual solvents was measured using a N.I.R.A 
Neptune 801 analyser, where the individual solvent components are separated and 
measured using a gas chromatography column and flame ionisation detector. 
Results are shown in Table 6-37. Two samples were measured for each lamination 
trial. The residual solvents predominantly consist of ethyl acetate, as to be expected, 
and some other solvents, such as methyl ethyl ketone, coming from the adhesive 
resin. 
 
Table 6-37: Residual solvents content after lamination of AlOₓ coated BOPP C 
Description 
Application 
weight 
Total residual  
Solvents content 
g/m² mg/m² 
Lamination trial 1:  
adhesive onto uncoated 
BOPP 
2.9 8.8/10.7 
Lamination trial 2:  
adhesive onto AlOₓ 
3.1 4.1/4.2 
 
As can be seen from Table 6-37, the residual solvents content is by far lower when 
the adhesive is applied onto the AlOₓ layer (despite the higher application weight, 
which usually results in a higher residual solvents content). This suggests that the 
BOPP film absorbs a certain amount of solvents, whilst the AlOₓ seems to prevent 
this absorption by acting as a barrier (‘repels’ the adhesive), thus resulting in the 
lower amount of total residual solvents. The amount of residual solvents depends on 
many factors, such as the web speed, capacity of the dryer, type of adhesive (e.g. 
high performance adhesive usually retain more solvents) and also the material the 
adhesive is applied onto (e.g. on printed film the ink can absorb solvents). 
Inspecting the ‘freshly’ laminated samples initially showed an acceptable level of 
transparency. However, about 30 minutes after lamination, the laminates appeared 
to become ‘foggy’ and developed a ‘spotted’ appearance (for both trials, see Figure 
6-67). The ‘spots’ look like small bubbles that are trapped between the laminated 
films. When the uncoated BOPP was laminated against itself with the same 
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adhesive, a clear laminate was obtained. This suggests that the AlOₓ layer and a 
possible interaction (e.g. AlOₓ repels adhesive) with the adhesive used are involved 
in the change of optical appearance. Nevertheless, the oxygen barrier was improved 
for trial 1 (see Table 6-36), despite the suspected interaction that induced the ‘foggy’ 
appearance. 
 
 
Figure 6-67: Photo of AlOₓ coated and laminated BOPP C (trial 1)  
Consequently, one further lamination trial was performed, whereby the adhesive 
was applied onto the plain BOPP. However, the application weight was increased to 
3.8 g/m² and the lamination nip force/pressure and temperature were raised from 
12 kg/cm to 20 kg/cm and 45 °C to 70 °C, respectively. The amount of residual 
solvents was measured (20.3 mg/m²), but the priority was to improve the optical 
appearance of the laminate and not to keep the residual solvents content below a 
certain level. Whilst an oxygen barrier performance similar to lamination trial 1 was 
obtained, the laminate of this trial also revealed a foggy appearance; however, to a 
lesser extent than the previous trials. In order to optimise the optical appearance 
and also residual solvents content and, thus, make the laminated AlOₓ coated BOPP 
a commercially viable product for food packaging applications, further steps need to 
be taken by changing and optimising parameters, such as the adhesive and 
lamination conditions used. 
  
Film edge: no 
adhesive, i.e. 
not laminated 
Laminated 
BOPP 
showing 
‘spotted’ 
appearance 
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6.5.1.3 Test of adhesive/solvent compatibility with AlOₓ 
Based on the oxygen barrier properties being impaired by the lamination process 
(when the adhesive was applied onto the AlOₓ layer), further examinations were 
carried out in order to investigate a possible reaction/interaction between the AlOₓ 
layer and either the adhesive or the solvent. Initially, a chemical attack of the AlOₓ 
by the adhesive/solvent was assumed to be the main reason for the increased OTR. 
Therefore, the following tests were performed on samples taken of AlOₓ coated 
BOPP C prior to lamination: 
 (1) Ethyl acetate applied onto AlOₓ layer and dried under ambient conditions 
 (2) Ethyl acetate applied onto AlOₓ layer and dried with heating gun 
 (3) Ethyl acetate/adhesive mixture applied onto AlOₓ layer and dried under 
ambient conditions 
 (4) Ethyl acetate/adhesive mixture applied onto AlOₓ layer and dried with 
heating gun 
 (5) AlOₓ layer exposed to heating gun 
For these tests, the ethyl acetate and ethyl acetate/adhesive mixture were applied 
using a silicone brush, whilst a heating gun (sample distance 30 to 40 cm ≈ 75 to 
85 °C, a few seconds exposure time) was used to imitate the drying in the 
lamination process. A standard performance two-component polyurethane adhesive 
was used in this investigation. The oxygen barrier performance, measured after the 
respective ‘treatment’ described above, is summarised in Table 6-38.  
 
Table 6-38: Oxygen barrier performance of AlOₓ coated BOPP C before and after tests for 
adhesive/solvent compatibility 
Description 
OTR 
cm³/(m² d) 
BOPP C + AlOₓ before lamination 48.6 ± 8.2 
(1) AlOₓ + ethyl acetate 52.6 ± 3.3 
(2) AlOₓ + ethyl acetate + heat 53.2 ± 6.4 
(3) AlOₓ + ethyl acetate/adhesive 24.7 ± 4.0 
(4) AlOₓ + ethyl acetate/adhesive + heat 25.3 ± 6.9 
(5) AlOₓ + heat 48.2 ± 4.7 
 
No water barrier was investigated, since this characteristic could not be significantly 
enhanced by the AlOₓ coating prior to lamination. As can be seen from the values 
stated in Table 6-38, neither the solvent ethyl acetate, nor the adhesive, the heat or 
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a combination resulted in an increase of the measured OTR values, thus indicating 
that no chemical attack took place. The OTR values are identical within 
experimental error, apart from tests (3) and (4), whereby through the application of 
the adhesive the OTR was even decreased. Reasons for this barrier improvement 
have been discussed previously in Section 6.5.1.1. In summary, this result suggests 
that the damage of the thin AlOₓ barrier layer during lamination was mechanical and 
not chemical. Consequently, the adhesive application or any other contact of the 
AlOₓ coating with parts of the lamination equipment (roller etc.) must be the cause of 
the barrier deterioration. A next test step would be to run the AlOₓ coated film 
through the laminator with all nips closed but without any adhesive (e.g. dry) and, 
hence, not produce a laminate. This trial will enable to test for mechanical damage 
induced by the film handling in the laminator.  
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6.5.1.4 Calculation of transmission rate for laminate 
Analogous to the calculations carried out for acrylate topcoats in Section 6.4.2.4, it is 
also possible to calculate an approximation for the expected transmission rate of the 
final laminate (BOPP C/AlOₓ/adhesive/BOPP). The only difference is that for the 
laminate, there is an additional polymer layer present; the BOPP film (hereinafter 
named BOPP X) laminated against the AlOₓ coated BOPP film. The overall 
transmission rate of this three-layer structure (i.e. layer 1 = AlOₓ coated BOPP, layer 
2 = AlOₓ ‘coated’ adhesive, layer 3 = BOPP X) can now be calculated according the 
following equation, a modified version of Equation (6-1) in order to account for the 
effect of BOPP X: 
 
          (
      
          
  
      
            
   
 
      
)
  
     (6-4) 
As stated previously, the BIF100 (refer to Equation (6-2)) is now valid for BOPPC, as 
well as the adhesive. The thickness of the adhesive was assessed using light 
microscopy cross-sections (see Figure 6-68) of the laminate and via measuring the 
overall thickness of the laminate with a thickness gauge (assuming each individual 
BOPP film is 20 µm, as stated in the respective datasheets). For all lamination trials, 
an average adhesive thickness between 2.5 and 3 µm was measured, which is 
above the typical critical thickness of 2.5 µm, as is the film thickness of 20 µm for 
BOPP C. 
 
 
Figure 6-68: Light microscopy cross-section of laminated and AlOₓ coated BOPP (trial 1) 
showing adhesive thickness 
2.7 µm 
43.0 µm 
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The OTR values for the uncoated BOPP films (QBOPP C QBOPP X) and the AlOₓ coated 
BOPP film (Q) have been measured (values stated below) and, consequently, 
Q100,BOPP C and BIF100 can be calculated: 
                   
          
                  
           
                              
 
                    
  
   
                               
 
 
         
   
     
        
 
The normalised transmission rate of the adhesive Q100, adhesive (see Equation (6-4)) 
can be calculated in a similar way as for Q100, acrylate for the acrylate topcoats (Section 
6.4.2.4). In order to set up the laminator prior to laminating AlOₓ coated BOPP C, 
BOPP X was laminated against itself. Samples of this lamination (i.e. without AlOₓ) 
were investigated in terms of adhesive thickness (2.7 ± 0.7 µm) as well as OTR 
(Qlaminate = 657 ± 6 cm³/(m² d)). The ideal laminate theory (Equation (4-8)) can be 
used for this three-layer system (BOPP X/adhesive/BOPP X), in order to calculate 
the OTR of the adhesive (Qadhesive), as shown in Equation (6-5): 
 
             (
 
         
   
 
      
)
  
                    (6-5) 
With this result, a Q100, adhesive value of 54.3 cm³/(m² d) is obtained, which is a lot 
lower than the normalised transmission rate Q100, BOPP C of the BOPP film.  
Now, Qtotal can be assessed according to Equation (6-4), which yields a value of 
5.67 cm³/(m² d) for an approximation of the OTR of the laminated AlOₓ coated 
BOPP. Once again, a possible ‘pore filling’ mechanism is not considered using 
these equations. 
The calculated value of 5.67 cm³/(m² d) is, however, still lower than the actually 
measured mean OTR of 11.9 cm³/(m² d) (refer to Table 6-36). Reasons for this 
deviation are, first of all, that the calculation only represents an approximation. 
Furthermore, a possible (marginal) damage of the AlOₓ barrier layer may occur 
during conversion and there is, additionally, the uncertainty created by the 
calculation of the adhesive barrier properties. Due to variations in the lamination 
process, the adhesive permeability properties are subjected to larger fluctuations 
[393], which greatly affect the calculated Qtotal.   
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6.5.1.5 Flex durability of AlOₓ coated BOPP 
An important test method to assess the functionality and barrier retention of a 
laminated film is the test method for flex durability (Gelbo-flex) according to ASTM 
F392 [305]. As mentioned in Chapter 6.2.1.5, this test is very destructive, if non-
laminated (i.e. unprotected) AlOₓ coated samples are used. During this test method, 
the film structure is subjected to a flexing action, which results in the sample being 
twisted and compressed/crushed as shown in Figure 6-69. This test serves the 
purpose of simulating the strain that the packaging material may be exposed to 
during further downstream processes after lamination (i.e. folding and forming into 
packaging) and whilst handled in the typical transport, storage and retail 
environment of the packaged foodstuffs. Using this test, defects can be created in 
the laminated film and subsequent barrier measurement (after a certain number of 
flexing cycles) will show whether the laminated structure can withstand this type of 
repetitive strain. In this investigation, a Gelbo-flex tester model 5000 manufactured 
by United States Testing Co., Inc. was used. 
 
  
  
Figure 6-69: Different stages of the Gelbo-flex test during one cycle; top left: sample before 
test; top right: twisting motion; bottom left: crushing motion; bottom right: 
sample after one cycle 
Based on published data about flex durability testing of laminated polymer structures 
with inorganic barrier layers (aluminium and SiOₓ) [355, 395, 410-414], the barrier 
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investigation was carried out with a corresponding number of 1, 5, 10, 20, 50, 100, 
250 and 500 cycles, using samples of laminated AlOₓ coated BOPP C (lamination 
trial 1, refer to Table 6-36). The effect of the Gelbo-flex wearing test on the barrier 
performance (OTR and WVTR) of the laminated structure is illustrated in Figure 
6-70. A logarithmic trend line was fitted to the OTR data, which resulted in a 
coefficient of determination of R² = 0.94, whilst a linear trend line was used for the 
WVTR data. For comparison, samples of AlOₓ coated and non-laminated BOPP C 
were subjected to the same flex test. Results for the non-laminated film are depicted 
in Figure 6-71.  
 
 
Figure 6-70: Relationship between OTR and WVTR of laminated AlOₓ coated BOPP C and 
number of Gelbo-flex cycles 
WVTR remains unchanged as the number of Gelbo-flex cycles increases (Figure 
6-70). This observation was not unexpected, due to the fact that the AlOₓ coating 
prior to lamination did not result in a significant improvement of the water barrier 
properties (see Table 6-36). Furthermore, the unaffected WVTR also reveals that no 
damage, such as holes, was created in the BOPP films themselves by the repeated 
twisting and crushing motion. In contrast to that, the OTR shows an initially strong 
increase within the first 20 cycles, with the transmission rate rising from 
11.9 cm³/(m² d) to 17.4 cm³/(m² d) after one cycle only. After the initial strong rise, 
the rate of increase gradually declines and the OTR appears to level off for higher 
numbers of Gelbo-flex cycles. This shape of the curve, with the first few cycles 
inducing most of the damage to the oxygen barrier properties, is similar to results 
obtained by Doyon and co-workers [412] for a laminated structure with metallised 
PET. Furthermore, other researchers report deterioration of oxygen (and/or water) 
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barrier already after 20 or less cycles for laminates containing SiOₓ coated PET 
[312, 407, 411] and metallised BOPP [410, 413]. Nevertheless, most of these 
studies do not investigate the effect of the Gelbo-flex test on barrier performance 
beyond 50 cycles. There is, though, also data published that shows that in laminates 
with metallised BOPP or metallised PE, the OTR and/or WVTR is only marginally 
affected by 100 cycles or more [355, 415]. However, the individual effect of the 
Gelbo-flex test on the barrier properties of laminates depends on many factors, 
including: the type/chemistry of inorganic barrier layer [416] and its thickness; the 
deposition process (CVD, PVD [306]); the substrate as well as the lamination 
process (extrusion, adhesive); the type of adhesive used (solventless, solvent-
based, water-based [415]) and the additional polymer material(s) applied during 
lamination. 
The loss of oxygen barrier with increasing cycle number, as seen in Figure 6-70, is 
due to the damage of the inorganic AlOₓ layer, caused by the flexing and 
compressing action. Based on its ceramic nature, the thin AlOₓ layer is brittle and 
will crack during the applied external stress and, therefore, create permeation 
pathways for oxygen molecules. In contrast to that, aluminium is ductile and, hence, 
may be less prone to defect formation during Gelbo-flex testing. In our case, we 
exclude damage to the polymer film itself, as the WVTR of the laminated film was 
unaffected by the Gelbo-flex test and number of cycles. 
Visual inspection of the flexed samples (laminated) showed clear signs of material 
wear and creases, with the laminate also appearing to be partially disintegrated in 
the creases (especially after 100 or more cycles). 
When investigating the non-laminated sample (see Figure 6-71), it becomes obvious 
that the Gelbo-flex test is a very destructive technique, resulting in fast and 
extensive barrier deterioration for the unprotected AlOₓ coating. Already after one 
cycle, the OTR has increased to an average value of 140 cm³/(m² d) and continues 
to rise rapidly up to 20 cycles (average OTR 975 cm³/(m² d)), whilst for 100 and 
more cycles, the mean OTR value stabilises around 1300 to 1400 cm³/(m² d). This 
final value is, though, still lower than the OTR of the uncoated film (refer to Chapter 
6.1.1, Table 6-1). From Figure 6-71, it can, furthermore, be detected that water 
barrier also deteriorates with flexing the samples. After one flexing cycle, the mean 
WVTR is still similar to the unflexed film (WVTR around 2.5 g/(m² d)). This low 
WVTR value is due to the ageing of the film (see Section 6.2.1.2), which had already 
taken place at the time of the Gelbo-flex investigation. In contrast to the non-
laminated AlOₓ coated film, the laminated film did not further improve in water 
barrier, presumably due to the lamination preventing and  terminating the ageing 
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process. Furthermore, the lamination was carried out before extensive ageing of the 
AlOₓ coated BOPP film could take place. Nevertheless, for five or more cycles, the 
WVTR increases to average values around 4.5 g/(m² d), which is also still slightly 
lower than the plain film WVTR (see Chapter 6.1.1, Table 6-1). A slightly higher 
WVTR value was obtained for 100 Gelbo-flex cycles. 
The drastic barrier deterioration seen for the non-laminated AlOₓ coated BOPP, in 
contrast to the laminated opponent, is to be expected and it has been reported by 
various researchers that the barrier loss (after Gelbo-flex or stretching, see Section 
6.2.1.5) is far less pronounced for laminated (or topcoated) films, compared to non-
laminated unprotected structures with inorganic barrier layers [3, 303, 310, 314, 417, 
418].  
 
 
Figure 6-71: Relationship between OTR and WVTR of non-laminated AlOₓ coated BOPP C 
and number of Gelbo-flex cycles 
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6.5.2 Solventless adhesive lamination of AlOₓ coated BOPP 
In addition to the solvent-based adhesive lamination, solventless adhesive 
lamination was also carried out. In this case, the lamination was performed using 
AlOₓ coated BOPP B (in-line plasma pre-treatment only), which was laminated 
against uncoated BOPP B. Two adhesives were used, a high performance and a 
standard performance solventless adhesive. As described in further detail in Section 
5.4.2, two trials were conducted with the high performance adhesive, analogous to 
the solvent-based adhesive lamination (Chapter 6.5.1), by applying the adhesive 
onto the plain BOPP (BOPP B) in trial 1 and onto the AlOₓ coated BOPP in trial 2. 
For the standard solventless adhesive, only one trial was conducted, whereby the 
adhesive was applied onto the plain BOPP. The barrier performance pre- and post-
lamination and, as a reference, the plain film barrier performance of BOPP B are 
listed in Table 6-39. 
 
Table 6-39: Barrier performance before and after lamination of AlOₓ coated BOPP B 
Description 
OTR WVTR 
cm³/(m² d) 
BIF 
(lamination) 
g/(m² d) 
BIF 
(lamination) 
Uncoated BOPP B 2500 – 2900 - 7 – 8 - 
BOPP B + AlOₓ  
(before lamination) 
119 ± 17 - 5.29 ± 0.22 - 
Adhesive 1:  
adhesive onto 
uncoated BOPP B 
71.5 ± 7.4 1.7 4.02 ± 0.44 1.3 
Adhesive 1:  
adhesive onto AlOₓ 
89.6 ± 19.7 1.3 4.05 ± 0.19 1.3 
Adhesive 2:  
adhesive onto 
uncoated BOPP B 
83.2 ± 17.6 1.4 3.71 ± 0.15 1.4 
 
As can be detected from Table 6-39, the AlOₓ coated BOPP film (non-laminated) 
revealed an almost identical OTR and WVTR level to the trial stated in Table 6-10 
(Chapter 6.2.1.1), which was conducted using the same coating and pre-treatment 
parameters. Hence, this shows that repeatable barrier results can be obtained when 
BOPP B is AlOₓ coated. However, as can be seen from the standard deviation for 
OTR, the data ranges between approximately 100 and 140 cm³/(m² d). The average 
oxygen barrier post-lamination is slightly enhanced for all trials/adhesives, as is the 
water barrier. The improvement, however, is not as good as obtained for AlOₓ 
coated and laminated BOPP C (see Table 6-36, Chapter 6.5.1.1). Moreover, after 
lamination of AlOₓ coated BOPP B, the OTR still exhibits quite large standard 
deviations, which is not too surprising, based on the high OTR standard deviation 
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prior to lamination. This was not the case for the lamination of AlOₓ coated BOPP C, 
whereby the OTR standard deviations pre- and post-lamination were a lot smaller. 
Possible reasons for the oxygen barrier improvement upon lamination, such as the 
effect of the adhesive barrier properties, have been discussed in detail in Chapter 
6.5.1.1. For the water barrier, it can be seen from Table 6-39 that the AlOₓ coating 
on its own slightly reduced the WVTR of the uncoated film, as did the lamination 
process. Overall, the WVTR of the laminate is about half the value of the uncoated 
film, which indicates that the AlOₓ layer does not result in any water barrier 
improvement for the laminated structure. This has also been found for the lamination 
of AlOₓ coated BOPP C (see Table 6-36, Chapter 6.5.1.1). 
In summary, the barrier obtained after lamination of BOPP B is still not satisfactory, 
which is assumed to be due to the insufficient barrier level of AlOₓ coated BOPP B 
prior to lamination. The main finding of this lamination trial is, however, that the 
adhesive can be applied onto the AlOₓ layer during lamination without inducing 
damage to the barrier layer that would affect and deteriorate the oxygen barrier 
properties. Although it appears that slightly better oxygen barrier was yielded when 
the adhesives were coated onto plain BOPP B (see Table 6-39), this is attributed to 
variations in OTR of AlOₓ coated BOPP B (along the web length) before lamination 
(see OTR standard deviation) and not necessarily the application of the adhesive 
during the lamination process. 
Consequently, the results obtained for AlOₓ coated BOPP C, when the adhesive 
was applied onto the AlOₓ coating (refer to Table 6-36, Chapter 6.5.1.1), could be 
regarded as an anomaly, which possibly was caused by a roller 
contamination/damage on the ‘wet path’ of the laminator. Therefore, this 
investigation (solvent-based adhesive lamination, adhesive applied onto AlOₓ 
coating) should be repeated with attention paid to the rollers touching the AlOₓ 
surface as a possible origin of mechanical damage to the AlOₓ layer. 
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6.6 AlOₓ coating of polylactic acid film for biodegradable barrier films 
In recent years, the use of bioplastics in food packaging applications has been 
grabbing the headlines, owing to a rising awareness of environmental sustainability 
and recyclability. Consequently, there is an increased interest in replacing traditional 
synthetic and non-biodegradable polymers, such as PP, PET or PE, which are 
derived from petrochemical resources, with bioplastics based on renewable 
resources, such as corn or wheat and other biomass materials. Biodegradable 
polymers are defined as polymers that can be decomposed into natural materials 
(water, carbon dioxide, methane, biomass and/or inorganic compounds), generally 
via microbial degradation. Polylactic acid (PLA), a biodegradable thermoplastic 
polyester, has been extensively researched and is nowadays regarded as a good 
candidate to replace traditional synthetic polymers since it reveals the highest 
commercial potential. Hence, the use of PLA, also in conjunction with vacuum web 
coating, may provide a more environmentally-friendly solution for future food 
packaging materials. [1, 419] 
6.6.1 Surface topography and chemistry of PLA film 
The PLA film used in this study was a three-layer coextruded and biaxially oriented 
PLA film, which was corona treated in-house by the film manufacturer. No extensive 
SEM and AFM analyses were carried out. However, DIC light microscopy was 
performed to gain an impression of the film surface topography/structure and 
presence of antiblock particles, in order to compare the PLA film to the BOPP films 
and PET reference film investigated comprehensively in this thesis.  
Representative high- and low-magnification DIC images of the corona treated side 
of the PLA film are shown in Figure 6-72. It is, once again, noted that after AlOₓ 
coating, DIC light microscopy revealed identical surfaces, since the thin AlOₓ coating 
and possible changes induced cannot be resolved by the use of light microscopy. 
Furthermore, based on the previous SEM and AFM investigations of uncoated and 
AlOₓ coated BOPP and PET films (refer to Chapters 6.1.2.3, 6.1.2.4, 6.2.2.2 and 
6.2.2.3), the coating is also assumed to be conformal for PLA film. 
From Figure 6-72, one can observe that the PLA film exhibits a vast amount of 
antiblock particles of various sizes. Whilst on the lower magnification image, the 
PLA films appears quite different from the BOPP films and PET reference film 
investigated (refer to Chapter 6.1.2.1, Figure 6-1 and Figure 6-3), the higher 
magnification DIC image reveals similarities to BOPP B (see Figure 6-2) and the 
PET film (see Figure 6-3), due to the bumps in the surface structure, which are 
presumably caused by the incorporated antiblock particles. 
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Figure 6-72: Low- (left) and high-magnification (right) DIC images of uncoated PLA 
The surface energies of the corona treated side and the non-treated side of the PLA 
film were assessed using contact angle measurement. Five samples were evaluated 
for each mean value and each standard deviation and results are stated in Table 
6-40. From the results presented, it can be seen that the corona treated side 
exhibits a marginally higher surface energy, compared to the untreated side, which 
is due to an increase of the polar component. The surface energies were, 
additionally, cross-checked using dyne pens and the results yielded 40 mN/m for the 
untreated and 44 mN/m for the treated surface, which is in broad agreement with the 
contact angle data summarised in Table 6-40.  
 
Table 6-40: Total, dispersive and polar surface energies of PLA film, as determined by 
contact angle measurement 
Film Side 
Surface energy 
Polar Dispersive Total 
mN/m mN/m mN/m 
PLA 
Corona 11.4 ± 0.3 31.2 ± 0.3 42.6 ± 0.2 
Reverse 9.1 ± 0.2 31.7 ± 0.2 40.8 ± 0.1 
 
Also in literature, comparable values for the surface energy of untreated PLA are 
reported by Jacobson et al. [420] (38 mN/m, via dyne inks), Auras et al. [421] 
(42 mN/m, via dyne inks) and Jamshidian and co-workers [422] (34.6 to 37.8 mN/m, 
via contact angle measurement, same calculation approach as used in this thesis, 
but additional fourth liquid; glycerol). The latter publication, which investigates the 
effects of different antioxidant film additives, also states dispersive surface energy 
components between 28.6 and 32.7 mN/m, which are in line with the data presented 
in this thesis. In another publication [423] by the same research group, a broader 
range of total, as well as dispersive and polar, surface energies was obtained, which 
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is presumably caused by the different film additives investigated in their work. 
Hirvikorpi and co-workers [424] studied the effect of corona treatment on PLA 
coated paperboard, which was subsequently coated with an AlOₓ barrier layer via 
atomic layer deposition. For both non-treated and corona treated PLA, they report 
higher total surface energies (47.8 and 53.1 mN/m, respectively) than obtained in 
this thesis. However, the surface energy of the corona treated PLA dropped to 
50.2 mN/m within seven days after treatment (same surface energy calculation 
method used as in this thesis, but only water and diiodomethane applied as test 
liquids). 
XPS analysis of the corona treated side of the film was additionally carried out and 
the composition is summarised in Table 6-41 (for more information on the XPS 
measurement see also Chapter 6.1.3.2). It is noticeable that the PLA film has a far 
higher oxygen content than any of the treated BOPP films, the BOPP film with the 
different polymer skin layer (BOPP F) or the PET reference film (see Chapter 
6.1.3.2, Table 6-5, and Chapter 6.3.2.2, Table 6-24).  
 
Table 6-41: PLA film composition, as analysed via XPS 
Film Side 
C O 
O/C 
ratio 
at% at% 
PLA Corona 64.1 35.9 0.56 
 
De Geyter et al. [425] investigated the effect of atmospheric dielectric barrier 
discharge treatment on PLA film and found that the O/C ratio increased from 0.47 to 
0.61 by the use of an air plasma. The O/C value of 0.61 corresponds to a total 
amount of 37.8 at% oxygen and is in good agreement with the oxygen content and 
O/C ratio found here for corona treated PLA. Jamshidian and co-workers [422, 423] 
measured similar oxygen contents between 34.3 and 37.7 at% (apart from one 
exception). This was, however, for non-treated PLA films with various antioxidant 
additives.  
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6.6.2 Barrier properties of AlOₓ coated PLA film 
The PLA film was coated with an AlOₓ barrier layer via A4 samples mounted on a 
PET carrier web (in-line plasma pre-treatment only). In order to investigate the effect 
of the corona treatment on AlOₓ barrier performance, both sides of the film were 
coated and samples were analysed for their barrier properties. It has to be noted, 
though, that the non-treated reverse side of the PLA film was not examined for its 
surface topography and that possible differences in the surface topography/structure 
may also affect the barrier performance of the AlOₓ layer.  
The oxygen and water vapour barrier properties of the AlOₓ coated PLA film and the 
plain film barrier performance are summarised in Table 6-42. 
 
Table 6-42: Barrier properties (OTR and WVTR) of AlOₓ coated PLA film 
Film Side 
OTR WVTR 
cm³/(m² d) BIF g/(m² d) BIF 
PLA 
20 µm 
(uncoated) 850 – 950 - 440* - 
Corona 11.4 ± 1.4 79 5.14 ± 1.00 86 
Reverse 53.2 ± 4.7 17 10.18 ± 0.34 43 
*WVTR value taken from film data sheet, as beyond equipment measurement range 
 
On comparing the OTR and WVTR values obtained for the corona treated and non-
treated side of the PLA film (see Table 6-42), a significant difference in AlOₓ barrier 
performance can be detected. The oxygen barrier using the corona treated PLA film 
side is approximately five times better, compared to the OTR obtained for the 
reverse side of the PLA film, whilst the water barrier is better by a factor of 
approximately two. It should, however, be emphasised that in addition to the corona 
treatment (and hence surface chemistry and surface energy, see Table 6-40), there 
may be further differences between the two film sides, such as the skin layer 
composition (based on the type/grade of PLA used), antiblock particle amount, size 
and distribution density, as well as general surface topography. 
The barrier results obtained here for the corona treated PLA (and in part also for the 
non-treated PLA) are comparable to or even better than the barrier performance of 
AlOₓ coated PLA obtained by Schiller and co-workers [12, 36, 426] (see also Ludwig 
and co-workers [37-39] and Trassl and co-workers [40]) using plasma activated 
reactive evaporation of aluminium via resistively heated boats. Hirvikorpi et al. [427-
429] deposited AlOₓ barrier layers of 25 to 100 nm thickness via ALD onto PLA film 
and measured OTRs ranging from 30 to 60 cm³/(m² d). The WVTR, however, was 
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measured at 23 °C and 75 % RH, which generally should result in lower WVTRs 
than these measured at 37.8 °C and 90 % RH, and they state a value of 3.3 g/(m² d) 
for a 50 nm thin AlOₓ layer. This research group also reports on AlOₓ ALD layers 
deposited onto PLA coated board, which in some cases resulted in better OTRs and 
WVTRs [424, 429], and, furthermore, compared the findings to AlOₓ barrier layers 
deposited via magnetron sputtering and electron beam evaporation, which in 
general yielded poorer barrier properties [428, 430]. In summary, it can be seen that 
the barrier properties obtained here are even comparable to the ones obtained via 
ALD deposition of AlOₓ barrier layers onto PLA film, although ALD deposition 
techniques are generally believed to yield superior barrier performance.  
Finally, one also needs to bear in mind that the samples were coated as A4 sheets 
mounted on a carrier web and not as a film roll. The previous investigation and 
comparison between the two coating techniques (see Section 6.3.3) using BOPP C 
and the PET reference film has shown that the barrier performance was impaired 
when coating A4 sheets, compared to the film roll. Consequently, the AlOₓ coating of 
a PLA film roll may give even better results than obtained here with the A4 sheets. 
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7 SUMMARY AND CONCLUSIONS 
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This work investigates and discusses the deposition of transparent AlOₓ barrier 
coatings onto polymer films for food packaging applications, with the main focus laid 
on BOPP as a substrate. The coatings were produced on an industrial-scale ‘boat-
type’ roll-to-roll metalliser, via the reactive evaporation of aluminium in an oxygen 
atmosphere. If this coating process is controlled appropriately, then these coatings 
are transparent after a short ageing period and can give good barrier properties. The 
coated films, as well as the uncoated substrates, were characterised in terms of 
barrier performance, surface topography, substrate surface and coating composition 
and surface energy, coating adhesion, coating thickness and optical properties, 
using a range of analytical techniques. Furthermore, the effects of in-line plasma 
pre- and-post treatments, off-line pre-treatments, such as flame and atmospheric-
pressure plasma treatment, acrylate under- and topcoats and, finally, adhesive 
lamination processes were investigated with respect to the barrier performance of 
the AlOₓ coated and AlOₓ coated and converted film. 
The barrier properties (oxygen and water vapour transmission rate) of the AlOₓ 
coated polymer films are discussed to be strongly dependent on the coating 
structure, i.e. the coating’s density or porosity; the denser and less porous the AlOₓ 
coating, the better will be the resulting barrier performance. This coating structure is 
supposed to be initially governed by the coating nucleation (i.e. number/density of 
nucleation sites) and the subsequent growth of the barrier layer, which for the 
standard deposition process has a thickness of approximately 10 nm. The coating 
nucleation in itself depends on the surface chemistry. Here, the surface chemistries 
of films such as PET, BOPP coextruded with a high surface energy skin layer and 
presumably also PLA appear more favourable for the growth of a dense AlOₓ 
coating, compared to a standard commodity grade BOPP film. Consequently, good 
barrier properties with an AlOₓ coating on a standard grade BOPP film are more 
difficult to achieve. Based on the analysis of the film surface chemistry of corona 
treated BOPP films, it was concluded that a higher oxygen content in the BOPP film 
surface will entail a better coating structure and hence improved barrier 
performance. Also flame and atmospheric-pressure plasma treatments are possible 
ways to change the BOPP film surface chemistry (by increasing the oxygen content 
in the outermost film surface to a higher level than can be obtained by corona 
treatment) and are assumed to positively impact the barrier performance. 
Unfortunately, the trials carried out using these treatments were not entirely 
conclusive, due to the suspected barrier deterioration brought by the coating of A4 
samples rather than full rolls. Another way to modify the AlOₓ coating structure and 
increase its density is the use of a BOPP film substrate with increased shrink 
properties (i.e. BOPP shrink film). The shrinkage of the BOPP substrate (which 
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presumably takes place when the web cools down after deposition) will result in the 
AlOₓ layer being subjected to a compressive force, which will entail a densification of 
the coating. Similar effects can also be achieved by the use of a post-deposition off-
line annealing/heat treatment, whereby the substrate material will also shrink. 
However, for the heat treatment trials conducted here, the resulting barrier 
enhancement appeared to be strongly dependent on the respective BOPP film and, 
furthermore, in some cases even heat induced damage and barrier deterioration 
were observed. In addition to increasing the AlOₓ density via shrinkage of the 
polymer substrate, a possible swelling of the AlOₓ layer can also increase its 
density. This process is presumed to take place off-line after AlOₓ deposition, when 
the coated film is exposed to ambient conditions. The uptake/absorption and 
entrapping of oxygen and/or water molecules in the coating structure will result in a 
density increase of the AlOₓ layer and, thus, improve its barrier properties. These 
assumptions have been made based on the fact that the AlOₓ coated BOPP films, 
as well as the PET film, required an ageing period of a certain length of time before 
acceptable barrier properties were obtained. This ageing time is, however, a lot 
longer for BOPP, in contrast to PET. A final important factor to be considered for the 
AlOₓ coating structure is the chamber pressure during coating deposition. During 
trials carried out later using a K5000 metalliser, it was observed that the coating 
pressure was one order of magnitude lower, compared to previous runs conducted 
on a K4000 model. Consequently, it was assumed that the lower deposition 
pressure, in combination with a higher oxygen content in the BOPP film surface, 
entailed a higher coating density and thus a drop of the WVTR of AlOₓ coated BOPP 
film to values around 1.5 g/(m² d) or even less. With regards to the structure of the 
AlOₓ coating, it should also be mentioned that the presence of defects (here: crater-
shaped defects) in the uncoated BOPP film surface can be detrimental for the 
barrier performance obtained after AlOₓ coating, since these defects can be 
reproduced in the AlOₓ layer. These defects then act as pathways of unhindered 
permeation for any diffusing molecule and, hence, they cancel out any effect that the 
substrate surface chemistry may have induced on coating structure and barrier 
performance.  
With respect to the permeation mechanisms for oxygen and water vapour, the 
investigations conducted confirm the widely discussed macro-defect driven 
permeation mechanism of oxygen through inorganic barrier layers, whilst for water 
vapour indications of a possible chemical interaction were found. This was based on 
the barrier performance of AlOₓ coated BOPP films that, unlike standard AlOₓ coated 
polymer films, contained elemental/metallic aluminium in addition to the oxidised 
aluminium and showed a drop of WVTR even down to levels of less than 1 g/(m² d). 
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Furthermore, a water barrier improvement was still observed even when the 
previously mentioned defects in the AlOₓ layer were present, hence indicating that 
the suspected chemical interaction between elemental aluminium in the AlOₓ layer 
dominates over a possible unhindered permeation through defects in the coating.  
A different polymer skin layer, coextruded with the BOPP film, showed remarkable 
barrier improvement, with a barrier performance comparable to AlOₓ coated PET, 
assigned to the change in surface chemistry and hence better coating nucleation 
and growth. If the equipment for the manufacturing of such a multilayer film is 
available (i.e. multilayer coextrusion of different polymers), a cost-effective 
production route is possible due the low skin layer thickness of less than 1 µm [258]. 
Nevertheless, this does not solve the problem of obtaining good barrier properties 
with AlOₓ coatings on standard commodity grade BOPP film. 
Regarding a definition or recommendation of the best initial surface to deposit an 
AlOₓ barrier layer onto, the high surface energy polymer skin layer of BOPP F 
represents an ideal surface that appears to be very receptive for the AlOₓ coating 
and, hence, results in a superior barrier performance. Nevertheless, as stated 
before, this layer is made from a different polymeric material. For a standard BOPP 
film with a polypropylene co- or terpolymer skin layer, it is suggested using a pre-
treatment method prior to AlOₓ deposition that induces a higher oxygen content in 
the film surface than generally accomplished by a standard corona treatment. 
Achieving this may also be affected by the type of co- or terpolymer material used 
as the skin layer. Additionally, it would be valuable to avoid the use of antiblock 
particles in the skin layer that will be vacuum coated, but only add these film 
additives on the reverse side in order to ensure good film handling. This would 
exclude any major interference or effect of these surface features on the barrier 
performance (although the antiblock particles on the reverse side may be capable of 
generating imprints and hence post-deposition defects in the barrier layer due to the 
roll-to-roll process). Furthermore, it appears beneficial to use a BOPP film with 
tailored shrink properties; however, this is not a property of the film surface, but 
accomplished via additions to the film core and film processing. 
The investigation of the surface topography at different magnification levels revealed 
that for all film substrates the 10 nm AlOₓ barrier layer replicated the underlying plain 
film surface topography, including defects, such as the crater-shaped defects 
mentioned earlier and discussed in detail in Appendix A2.  
The coating composition in the case of ‘standard’ AlOₓ layers was determined to be 
predominantly Al2O3, with no metallic/elemental aluminium present and no through 
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thickness variations in stoichiometry, although slightly increased oxygen contents 
were measured, compared to fully stoichiometric Al2O3. 
The AlOₓ surface energy of coated BOPP films revealed an initially quite high level, 
which diminished rapidly with time, due to a transfer of polymeric material and film 
additives from the reverse side of the BOPP film, as well as a migration through 
defects in the AlOₓ layer. In the case of AlOₓ coated PET, the surface energy could 
be maintained at a significantly higher level and exhibited a by far slower drop over 
time. These differences seen for BOPP and PET were attributed to different polymer 
properties, such as the glass transition temperature.  
Regarding the adhesion of the AlOₓ coating (as determined via a peel test), the main 
finding was that, in the case of BOPP, this adhesion was higher than the intrinsic 
strength of the BOPP film itself, hence resulting in cohesive failure within the 
substrate. In the case of PET, no peeling was possible as the adhesion was beyond 
the ultimate tensile strength of the EAA film used.  
The use of an acrylate undercoat prior to AlOₓ deposition resulted in an enhanced 
oxygen and also water vapour barrier performance of the AlOₓ coated film, and 
furthermore, the barrier results appeared independent of the acrylate thickness, as 
well as the BOPP film substrate. The improvement obtained was predominantly 
attributed the new surface chemistry generated by the acrylate layer. 
When conversion processes, such as adhesive lamination and the application of an 
acrylate topcoat, were investigated, it was found that in both cases, the barrier 
performance can be significantly enhanced, which was assigned to the barrier 
properties of the adhesive/acrylate itself, as well as a possible infiltration of the 
adhesive/acrylate into the defects of the AlOₓ barrier layer (‘pore filling’). 
Finally, barrier results obtained for AlOₓ coated PLA films, though conducted using 
A4 samples on a carrier web, are very promising for an environmentally friendly 
transparent barrier solution.  
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8 FUTURE WORK 
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With respect to future work, the convertibility of AlOₓ coated polymer films needs to 
be investigated in more detail. Initial lamination work has already been carried out; 
nevertheless, in the case of the solvent-based adhesive lamination, barrier 
deterioration was observed when the adhesive was applied onto the AlOₓ layer. 
Consequently, additional research and repeat trials are required in order to find the 
cause of this damage to the barrier layer. Furthermore, different adhesives (solvent-
based and solventless) and their effects on the barrier performance could be 
investigated and, along with this, optimum lamination conditions can be established. 
In addition to laminating, conversion processes also include printing. Here, gravure 
as well as flexographic printing should be studied in combination with the AlOₓ 
barrier layer. In order to assess the suitability of the AlOₓ coating for the printing 
process, the dependence of the barrier performance on the applied gravure 
pressure could be examined, as done by the Toyobo Research Institute in Japan 
[308, 309]. It may, furthermore, also be necessary to develop a protective topcoat 
for the AlOₓ layer, which is applied priory to printing and may, additionally, eliminate 
the need for lamination. In the course of the work carried out for this thesis, topcoats 
have already been investigated. These were, however, acrylate topcoats deposited 
in vacuum. Although these coatings were applied off-line, in an industrial system 
running under production conditions the AlOₓ and acrylate deposition would be 
conducted in the same chamber without breaking the vacuum. This could, 
nevertheless, possibly result in the required off-line ageing process not taking place 
and, thus, impair the barrier performance of the AlOₓ coated film. Hence, an 
alternative to the acrylate topcoat is required, which preferably should take place in 
atmosphere using standard industrial coating lines at high speed (see also Chapter 
4.4). 
Furthermore, the effect of seeding/nucleation layers on the barrier performance of 
AlOₓ coated BOPP could be investigated. Here, the initial work of sputtering 2.0 to 
2.5 nm thick titanium seeding layers onto a variety of BOPP films has already been 
conducted. Due to their low thickness and the off-line oxidation, these seeding 
layers are nearly transparent and presumably largely consist of titanium oxides. The 
samples now need to be coated with an AlOₓ layer and the barrier performance 
before and after AlOₓ deposition should be determined, in order to assess whether 
seeding layers will help to obtain water barrier improvement with AlOₓ coatings on 
BOPP to the required level of less than 1 g/(m² d). A positive effect of seeding layers 
on barrier performance has been suggested by other research groups [288, 431-
433]. 
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The increased content of oxygen in the film surface (found for one of the standard 
commodity grade BOPP films) and its supposed positive effects on the AlOₓ barrier 
performance could also be verified by additional trials using off-line treatments, i.e. 
flame and/or atmospheric plasma. Also here, some initial work was carried out and 
delivered promising results. However, due to these trials being performed via 
coating A4 samples (and not a roll of film), barrier deterioration (for oxygen barrier) 
was suspected to take place and, hence, complicated the interpretation of the 
results. Consequently, it is suggested to repeat the off-line pre-treatment trials via 
treating and AlOₓ coating a roll of film to confirm the suggested positive effects on 
AlOₓ barrier performance. Regarding the low-molecular-weight oxidised material, 
discovered for atmospheric plasma treated BOPP via AFM analysis, it would also be 
interesting to investigate its impact on AlOₓ adhesion. 
The suggested chemical interaction during water vapour permeation through AlOₓ 
coatings that contained elemental aluminium, i.e. ‘dark’ AlOₓ coatings, can be further 
examined via activation energy measurements. Thereby, the two different AlOₓ 
coated BOPP films (i.e. with and without defects in the AlOₓ layer), as well as their 
metallised versions, could be assessed. If the activation energy approach is a 
suitable and correct technique to study permeation mechanisms, it is expected that 
a chemical interaction between permeating water molecules and elemental/metallic 
aluminium would induce a rise of the apparent activation energy, compared to an 
AlOₓ coated sample with no elemental aluminium in the coating.  
Finally, the structure of the AlOₓ coating can be further analysed using AFM imaging 
at a lower scan size of 1 x 1 µm², as done by other researchers (see discussion in 
Chapter 6.2.2.3). This may reveal possible differences in surface topography and 
roughness between the uncoated and AlOₓ coated polymer films and, therefore, give 
information about the intrinsic structure of the coating and its dependence on the 
polymer substrate, e.g. PET or BOPP. The coating structure could, moreover, be 
investigated using TEM analysis and electron diffraction techniques, after 
removing/dissolving the polymer substrates using appropriate chemicals (refer to 
end of Section 6.2.5). 
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A1 Surface energy calculation 
As mentioned and discussed in Chapters 5.6.3.1 and 6.1.3.1, the surface energy 
determined strongly depends on the calculation approach and test liquids used and, 
consequently, results originating from different methods should, in general, not be 
compared. Furthermore, also the surface energies of the test liquids (e.g. 
diiodomethane), which are needed for the calculation, may vary, depending on the 
reference data used in the individual publication. Therefore, this chapter examines 
the effect of two different calculation approaches, Owens-Wendt-Rabel-Kaelble and 
Wu, as well as the effect of a polar surface energy different from 0 mN/m for the test 
liquid diiodomethane. 
For this investigation, three samples were selected in order to evaluate a broad 
range of surface energies (the non-treated side of a BOPP film, the corona treated 
side of a BOPP film and the AlOₓ coating on a BOPP film) and the following 
methods were used to calculate the surface energy: 
Owens-Wendt-Rabel-Kaelble, as described in Chapter 5.6.3.1, with three liquids 
(water, diiodomethane and ethylene glycol) 
- (1) using the liquid surface energies stated in Table 5-6 
- (2) with diiodomethane having a γp = 2.3 mN/m and γd = 48.5 mN/m [194] 
- (3) with diiodomethane having a γp = 6.7 mN/m and γd = 44.1 mN/m [198] 
Owens-Wendt-Rabel-Kaelble with two liquids (water and diiodomethane) 
- (4) using the liquid surface energies stated in Table 5-6 
- (5) with diiodomethane having a γp = 2.3 mN/m and γd = 48.5 mN/m 
- (6) with diiodomethane having a γp = 6.7 mN/m and γd = 44.1 mN/m 
Wu [198] (harmonic mean) with two liquids (water and diiodomethane) 
- (7) using the liquid surface energies stated in Table 5-6 
- (8) with diiodomethane γp = 2.3 mN/m and γd = 48.5 mN/m 
- (9) with diiodomethane γp = 6.7 mN/m and γd = 44.1 mN/m 
For the method according to Wu, only two liquids are used (water and 
diiodomethane have been suggested by Wu in reference [198]), whilst for the 
Owens-Wendt-Rabel-Kaelble approach several liquids can be used due to the linear 
regression applied. In this investigation, the Owens-Wendt-Rabel-Kaelble approach 
was applied using two liquids (water and diiodomethane) and three liquids (water, 
diiodomethane and ethylene glycol). The surface energy results for the three 
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samples investigated are summarised in Table A-1 (non-treated BOPP), Table A-2 
(corona treated BOPP) and Table A-3 (AlOₓ coated BOPP), with the contact angles 
measured for each sample stated at the bottom of the corresponding table. 
 
Table A-1: Surface energies determined for non-treated BOPP A (reverse side) using 
various calculation approaches 
Method 
Surface energy 
Polar Dispersive Total 
mN/m mN/m mN/m 
(1) 0.1 30.0 30.1 
(2) 0.1 30.6 30.7 
(3) 0.0 33.1 33.1 
(4) 0.1 30.5 30.6 
(5) 0.0 31.4 31.4 
(6) 0.0 35.1 35.1 
(7) 0.0 32.1 32.1 
(8) 1.0 31.2 32.2 
(9) 0.6 33.9 34.5 
water 104.0° ± 1.1°, diiodomethane 56.7° ± 1.4°, ethylene glycol 72.5° ± 1.0° 
 
As can be seen from examining the results in Table A-1, Table A-2 and Table A-3, 
there are variations present when different techniques, as well as different 
polar/dispersive surface energy components for diiodomethane, are used. In the 
case of the non-treated BOPP, the data varies the least (total surface energies 
between 30.1 and 35.1 mN/m), with the polar surface energies being very similar for 
all nine calculations applied. It is, nevertheless, observable that within each 
calculation approach the increase of the polar part of diiodomethane increases the 
total surface energy calculated.  
In the case of the corona treated BOPP, the calculated surface energies vary 
between 34.7 and 49.0 mN/m, a significantly broader range than for the non-treated 
BOPP. Furthermore, within each calculation approach, a rise of the polar surface 
energy fraction of diiodomethane results in an increase of the polar surface energy, 
a decrease of the dispersive surface energy and, overall, a decrease of the total 
surface energy calculated. The change of the dispersive surface energy within one 
calculation approach is around 10 mN/m, whilst the polar component varies a lot 
less. 
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Table A-2: Surface energies determined for corona treated BOPP A using various calculation 
approaches 
Method 
Surface energy 
Polar Dispersive Total 
mN/m mN/m mN/m 
(1) 7.7 31.2 38.9 
(2) 10.1 25.9 36.0 
(3) 11.9 22.8 34.7 
(4) 7.6 35.4 43.0 
(5) 9.6 29.3 38.9 
(6) 11.0 26.0 37.0 
(7) 12.6 36.4 49.0 
(8) 13.7 31.9 45.6 
(9) 15.3 26.5 41.8 
water 72.3° ± 1.4°, diiodomethane 47.9° ± 2.9°, ethylene glycol 52.2° ± 0.5° 
 
For the AlOₓ coated BOPP, the results are similar to the corona treated BOPP, with 
total surface energy values distributed over quite a broad range from 50.0 to 
63.5 mN/m. Also here, the increase of the polar surface energy fraction of 
diiodomethane results in an increase of the polar surface energy, a drop of the 
dispersive surface energy and the overall decrease of the total surface energy (of 
the coating) for each individual calculation approach. Nevertheless, for both Owens-
Wendt-Rabel-Kaelble approaches, the polar surface energy increases by 
approximately 10 to 15 mN/m, whilst the dispersive surface energy drops by 15 to 
20 mN/m (with increasing polar surface energy fraction of diiodomethane). Overall, 
the Owens-Wendt-Rabel-Kaelble approach using three test liquids yields nearly 
identical total surface energies despite the changes for diiodomethane, whilst with 
two liquids, the total surface energy changes from 58.9 mN/m to 52.5 mN/m. The 
calculation method according to Wu generally gives higher total surface energies 
than the Owens-Wendt-Rabel-Kaelble approach (for all three samples) and in the 
case of AlOₓ coated BOPP, the total surface energy declines from 63.5 mN/m to 
56.1 mN/m for the increasing polar surface energy fraction of diiodomethane. The 
calculated polar and dispersive surface energies for AlOₓ coated BOPP vary to a 
lesser degree for Wu, in contrast to Owens-Wendt-Rabel-Kaelble. 
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Table A-3: Surface energies determined for AlOₓ coated BOPP B using various calculation 
approaches 
Method 
Surface energy 
Polar Dispersive Total 
mN/m mN/m mN/m 
(1) 22.0 29.4 51.4 
(2) 29.9 20.1 50.0 
(3) 36.9 13.9 50.8 
(4) 21.7 37.2 58.9 
(5) 28.3 25.8 54.1 
(6) 34.3 18.2 52.5 
(7) 25.5 38.0 63.5 
(8) 27.2 32.9 60.1 
(9) 30.4 25.7 56.1 
water 45.9° ± 1.9°, diiodomethane 44.6° ± 1.0°, ethylene glycol 40.2° ± 1.4° 
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A2 AFM investigation of craters/dimples on plain BOPP A 
The defects found on plain BOPP A were further investigated, using cross-sections 
extracted from the 5 x 5 µm² AFM scans, in order to examine whether the AFM tip 
will image the craters correctly and is capable of reaching the ‘bottom’ of the crater-
shaped defect. If this is the case, it can be assumed that the depth given by the 
AFM analysis reflects the true value. 
For this investigation, the geometric parameters of the tip are required. The images 
investigated in the following section were acquired in tapping mode, using a rotated 
pyramidal-shaped tip with a nominal tip radius of 8 nm (maximum 12 nm). The tip 
height is between 15 and 20 µm and the angles of the pyramidal-shaped tip are 
given as follows; front angle: 15° ± 2°, back angle: 25° ± 2°, side angles: 17.5° ± 2°. 
These values have been taken from the tip specification given by the supplier. As 
slight variations are possible, the actual tip shape of the specific tip used for a scan 
is not known and has neither been investigated. 
Figure A-1 shows the investigated AFM scan of uncoated BOPP A. Two crater-
shaped defects have been chosen in this scan, one with a dimension along the x-
axis of approximately 200 nm (y-axis 100 nm) and a smaller defect of roughly 60 nm 
in width along the x- and y-axis. The cross-sections (horizontal and vertical) for each 
dimple/crater were acquired so that they run through the deepest part of the defect. 
 
  
Figure A-1: 5 x 5 µm² AFM scan of uncoated BOPP A showing investigated craters and 
progression of horizontal (left) and vertical (right) cross-sections 
The horizontal cross-sectionsl are illustrated in Figure A-2, together with two 
schematic AFM tips of different tip radius (light blue 10 nm, dark blue 20 nm). The 
two side angles of 17.5° were used for the tip shape, since the cross-sections run 
                                                 
l
 Note: Figure A-2 and Figure A-3 only show the part of the cross-sections that contain the 
craters. 
 1 
2 
1 2 
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parallel to the scanning motion. For the vertical cross-sections, which are 
proceeding perpendicular to the scan direction, the back angle of 25° and front 
angle of 15° were used to create the tip schematic. The corresponding cross-
sections are shown in Figure A-3. A tip radius size of 10 nm was chosen since it is 
the midpoint between the nominal and maximum tip radius (as stated by the 
manufacturer), whilst a 20 nm tip radius can represent the situation after a tip has 
been used for several scans and is either contaminated or slightly worn, both 
resulting in an increased tip radius. The cross-sections (x-, y- and z-axis) and the 
AFM tip schematics have been scaled appropriately, in order to represent the actual 
scanning situation and proportions (regarding size) between sample surface and 
AFM tip. 
 
 
 
 
 
Figure A-2: AFM cross-sections (horizontal) of crater-shaped defects in uncoated BOPP A; 
top: 200 nm wide defect; bottom: 60 nm wide defect; dark blue AFM tip has 20 nm tip radius; 
light blue AFM tip has 10 nm tip radius 
It can be seen that the ‘normal’ AFM images (refer to Figure A-1), with a vastly 
different z-range (scale bar in nm), compared to the investigated area (scale in µm), 
exaggerate the appearance and depth of the craters, in contrast to the scaling 
shown in Figure A-2 and Figure A-3, whereby the x-, y- and z-axis have the same 
scale. For the larger size crater (refer to Figure A-2, top), it seems that the AFM tip 
can actually reach the bottom of the crater, as there appears a slightly raised area 
 
 
 
 
 
352 | P a g e   A  A P P E N D I X  
 
within the crater itself. The maximum depth of the crater is approximately 30 nm. 
Also for the smaller crater (depth approximately 20 nm) depicted in Figure A-2, 
bottom image, it seems plausible that the AFM tip is capable of imaging the defect 
correctly. The crater would need to be a lot narrower in diameter (dimension along 
x-axis and y-axis), in order for the AFM tip to get trapped before reaching the crater 
bottom. It can also be concluded that a change in tip radius would not lead to the 
crater bottom not being detected, although a larger tip radius will affect the fine 
detail that can be imaged [330, 331].  
 
 
 
 
Figure A-3: AFM cross-sections (vertical) of crater-shaped defects in uncoated BOPP A; 
top: large defect; bottom: small defect; dark blue AFM tip has 20 nm tip radius; light blue 
AFM tip has 10 nm tip radius 
Nevertheless, it can be assumed that the relatively shallow angles of the sides 
towards the centre of the defect do not represent the reality and that the actual side 
walls of the craters may be a lot steeper. This is due to the AFM image being a 
convolution of the sample surface and the tip shape [434], which is an AFM imaging 
artefact, and is schematically depicted in Figure A-4. For the vertical cross-sections 
(see Figure A-3), one can notice that the slope on the left-hand side of the crater is 
always flatter, compared to the slope on the right-hand side. This can be attributed 
to the specific shape of the pyramidal tip, with a larger back angle, compared to the 
front angle, as represented by the tip schematics in Figure A-3. 
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Figure A-4: AFM imaging artefact due to tip geometry; a: actual surface; b: surface as 
imaged by AFM (reproduced from [434]) 
Based on the investigations carried out and summarised in this chapter, the 
conclusion is that the depth of the crater-shaped defect, as obtained via AFM 
measurements, is very likely to be a true representation. There are, though, imaging 
artefacts involved when the shape, i.e. sidewalls and their slope, is depicted in the 
AFM cross-sectional images. 
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A3 Correlation between wire feed rate and TEM film thickness 
In addition to depositing AlOₓ coatings with a standard thickness of approximately 
10 nm (refer to Section 6.2.5), thicker coatings were deposited in order to 
investigate the effect of AlOₓ coating thickness on barrier properties (refer to Section 
6.2.1.4). The thickness is changed via the evaporation rate of aluminium and, 
hence, depends on the amount of wire fed onto the resistively heated boats. For this 
investigation, 19 different settings for the wire feed rate were used and selected 
samples were analysed for AlOₓ thickness using TEM cross-sections, in order to 
establish a correlation between the on-machine parameter of wire feed rate and the 
off-line parameter of AlOₓ thickness. The graph showing this correlation is depicted 
in Figure A-5. Additionally, a 2nd order polynomial trend line is fitted, which gave a 
coefficient of determination of 1. 
 
 
Figure A-5: Correlation between the on-machine parameter of wire feed rate and the off-line 
determined AlOₓ coating thickness 
As can be seen from Figure A-5, the correlation between wire feed rate and AlOₓ 
thickness is not linear, as one would have expected. It can be noticed that with 
increasing the amount of aluminium evaporated, the slope of the graph starts to 
decrease. Nevertheless, with increasing the amount of aluminium evaporated, also 
the amount of oxygen added to produce AlOₓ is increased. This resulted in an 
increase of the pressure during deposition (by a factor of approximately four when 
comparing the ‘standard’ AlOₓ with the thickest AlOₓ produced), as not all additional 
oxygen was gettered by the aluminium (i.e. incorporated into the coating) or pumped 
away. With the higher pressure, the mean free path is reduced and, hence, more 
scattering (collision of the evaporated aluminium and oxygen) takes place. This, in 
turn, will result in less aluminium reaching the substrate and, therefore, will affect the 
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coating thickness. Due to the increased evaporation rate of aluminium at higher AlOₓ 
thickness, there may also be more aluminium lost to surfaces near the web and 
source, which also entails a reduction of collection efficiency.  
Kobayashi and co-workers [294], who deposited AlOₓ coatings of various 
transparencies/stoichiometries using reactive evaporation of aluminium (via 
induction heating), mention that the AlOₓ thickness was reduced when the oxygen 
supply was increased. Nevertheless, it is not specified in their publication, 
whether/how the pressure changed with growing oxygen supply, but just a range of 
9 to 12 x 10-2 Pa is given for the pressure during AlOₓ deposition. They, furthermore, 
propose that with rising oxygen flow, the aluminium surface (i.e. of the aluminium 
pool in the crucible/boat) becomes increasingly oxidised, which causes a drop of the 
aluminium evaporation rate, due to a lower vapour pressure of the oxide, in 
comparison to the metal. Finally, also Yoon et al. [350] state that during plasma 
activated reactive electron beam evaporation of aluminium, the deposition rate 
decreases with rising oxygen pressure. They observed that the pool of molten 
aluminium decreased in its surface area at higher oxygen pressure, which led to 
less aluminium being evaporated. Furthermore, they (and also Kobayashi  et al. 
[294]) state that the increased collision of aluminium atoms and oxygen molecules 
additionally reduces the arrival rate at the substrate. 
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A4 Soxhlet extraction of BOPP films and analysis of extracts 
Based on the surface energy data obtained in Chapter 6.2.4, which showed 
differences in the time related surface energy decay for the various investigated 
AlOₓ coated BOPP films, BOPP A, B and C were further examined using a Soxhlet 
extraction apparatus. The aim was to extract any material from the uncoated film 
that may have the capability of migrating or transferring onto the AlOₓ layer and, 
hence, may cause the drop of its surface energy with storage time. Since it is 
assumed that the AlOₓ surface energy decay is due to the transfer or migration of 
mobile polymeric material, i.e. material of predominantly nonpolar nature, a nonpolar 
solvent (n-hexane) was chosen for the extraction. Approximately 4 g of film 
(individual sheets wound up to a small roll; placed in extraction thimbles) were 
extracted for 26 hours under reflux at approximately 70 °C with roughly 125 ml of  
n-hexane. The amount of extract was determined from the solvent residue after 
evaporating the n-hexane off under reduced pressure (1), as well as from the weight 
difference pre- and post-extraction of the film sample (2). Per film type, five samples 
were extracted in parallel and the relative amounts of extractables for each film type 
are summarised in Table A-4. It is observable that both ways of determination 
yielded nearly identical results for the amount of extractables. 
Table A-4: Relative amount of n-hexane extractables of various BOPP films 
Film 
Extractables 
(1) (2) 
% % 
BOPP A 1.82 ± 0.09 1.73 ± 0.16 
BOPP B 2.44 ± 0.14 2.47 ± 0.10 
BOPP C 2.56 ± 0.10 2.59 ± 0.10 
 
From Table A-4 it is clear that BOPP B and BOPP C appear to contain a larger 
amount of extractables, compared to BOPP A. However, based on the surface 
energy of the AlOₓ coated films (refer to Figure 6-39, Chapter 6.2.4), one would 
expect a higher amount for BOPP A, as for this film the AlOₓ surface energy was 
significantly lower than for the other two films. Consequently, with respect to the 
total amount of extractables, the extraction results would not agree with the surface 
energy data presented in Chapter 6.2.4. Nevertheless, it may not be the total 
amount of extractables that is of importance (since it is unknown whether all the 
extracted material will actually migrate), but rather its chemical composition and 
molecular weight distribution (more accurately: molar mass distribution). Therefore, 
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the extracts were further investigated using FTIR spectroscopy and gel permeation 
chromatography (GPC). FTIR spectra of the extracts of BOPP B and C are shown in 
Figure A-6, where they have been shifted along the y-axis in order to underline 
differences. Additionally, the wavenumber regions of interest (3645, 1744, 1492 and 
1082 cm-1) are marked with vertical lines. No spectrum for BOPP A is shown as it 
revealed identical features to BOPP B. For reference purposes, the spectrum of an 
atactic PP sample and the spectrum of a BOPP film are displayed. 
 
 
Figure A-6: FTIR spectra of n-hexane extracts of BOPP B and C (including reference spectra 
of atactic PP and BOPP film) 
All extract spectra predominantly show atactic polypropylene, as can be seen 
distinctively from the region between 1000 cm-1 to 800 cm-1, where the characteristic 
peak splitting (due to crystallinity, see also spectrum of BOPP film in Figure A-6) for 
isotactic PP is missing [435]. Additionally, this was also determined via a reference 
sample of atactic PP (obtained from Sigma Aldrich). There are, nevertheless, 
additional bands visible, around 3645 cm-1 (weak band for all extracts), 1744 cm-1 
(relatively strong band for all extracts), 1492 cm-1 (band for BOPP C only) and 
1082 cm-1 (stronger band for BOPP C extract, very weak and slightly shifted bands 
for BOPP A and B extracts). The former two peaks are assigned to the O-H and 
C=O stretching bands and presumably originate from the phenolic hydroxyl group 
and the ester group of the antioxidant Irganox 1010 [436-438], an additive frequently 
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used to stabilise PP. The latter band at around 1082 cm-1 is attributed the 
antioxidant Irgafos 168 [439, 440]. Billingham and Garcia-Trabajo [440] state that 
this stabiliser exhibits several absorption bands, with a peak (in their case) at 
1083 cm-1, assigned to the O-aryl vibration [436], being the most clearly defined. 
Furthermore, they mention additional characteristic bands at 1213, 1196, 854 and 
776 cm-1, which are resolvable from a spectrum of PP containing Irgafos 168. 
Spatafore and Pearson [439] also discuss absorption bands at 1194, 1084 and 
851 cm-1 for Irgafos 168. They, additionally, mention peaks at 1364 and 1493 cm-1, 
which are sharp bands for the antioxidant in its solid crystalline state. In the 
investigation carried out for this thesis, the extract of BOPP C revealed distinct 
peaks at 1492, 1210, 1190, 1082 and 770 cm-1 and a peak/shoulder at 857 cm-1 
(apart from the peaks at 1492 and 1082 cm-1, absorption bands are not observable 
in the survey spectrum of Figure A-6, but shown in the high-resolution spectrum in 
Figure A-7). These are very close to the bands mentioned in the latter two 
references. Hence, it is assumed that the extract of BOPP C very likely contains 
Irgafos 168. For the extracts of BOPP A and B, only a few of the absorption bands 
mentioned above could be found, which were, however, rather weak and at slightly 
shifted wave numbers, compared to BOPP C. 
 
 
Figure A-7: High-resolution FTIR spectra of n-hexane extracts of BOPP B and C 
As stated before, GPC was additionally carried out with the extracts of the three 
films. Therefore, approximately 6 mg/ml of the dried extracts were re-dissolved in 
trichlorobenzene (at 110 °C) and analysed using a high temperature GPC (Viscotek 
HT-GPC Module 350A) with multiple detectors (refractive index detector, low and 
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right angle light scattering detector). The column train consisted of two PLgel 
columns, which are based on a highly cross-linked polystyrene/divinylbenzene 
matrix of porous copolymer beads (here 10 µm particles). The GPC was performed 
at 160 °C with trichlorobenzene as eluent at a flow rate of 1 ml/min and was 
calibrated with a polystyrene standard of narrow molecular weight distribution. Two 
samples per extract were run and yielded comparable results.  
The molecular weight distributions of the three extracts, as obtained via the GPC, 
are illustrated in Figure A-8. 
 
 
Figure A-8: Molecular weight distribution of n-hexane extracts obtained via GPC 
From Figure A-8, it is highly evident that the extract of BOPP A reveals a clear peak 
corresponding to a low-molecular-weight fraction, which is not present in the other 
extracts. The extract of BOPP C exhibits a shoulder/hump in its molecular weight 
distribution also indicating low-molecular-weight material; nevertheless, of a higher 
molecular weight than the component found for BOPP A. BOPP B shows a 
distribution similar to BOPP A, but with the low-molecular-weight material missing. 
The low-molecular-weight materials could be caused by the additive package and 
possible additive fragments (e.g. from Irganox 1010). Overall, the GPC results are in 
very good agreement with the AlOₓ surface energy data of Chapter 6.2.4. AlOₓ 
coated BOPP B revealed the highest surface energy, closely followed by BOPP C, 
whilst AlOₓ coated BOPP A showed the lowest surface energy level. This could be 
caused by the fact that BOPP A contains a low-molecular-weight component that 
may migrate easily and, hence, may contribute to the AlOₓ surface energy decay. 
Furthermore, BOPP C also shows a low-molecular-weight fraction (with a higher 
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molecular weight than the component in BOPP A) and, consequently, the surface 
energy of AlOₓ coated BOPP C is also lower than measured for BOPP B, but higher 
than for BOPP A. 
It has to be mentioned here that the GPC column used had a specified molecular 
weight range from 500 to 10000000 g/mol, which means that the low-molecular-
weight fractions found for BOPP A and C are not within the specification of the 
column. Nevertheless, as replicates were run, which revealed comparable results 
and always indicated the presence of low-molecular-weight material, it is assumed 
that these fractions are present, but that their molecular weight, as determined by 
the GPC analysis, may not be accurate. 
In addition to GPC, the sample extracts were further analysed using liquid 
chromatography-mass spectrometry (LC-MS). An Agilent 6540 Q-TOF LC-MS using 
positive ionisation (electrospray ionisation source) and a mass range of 30 to 
1000 Da was applied. The eluent used was acetonitrile with 0.1 % formic acid, which 
was run through a loop, i.e. no column was utilised. For each film type, two extracts 
were analysed using this technique. In the case of BOPP B and C, no low-
molecular-weight fractions could be detected, whilst for BOPP A, one sample 
revealed low-molecular-weight material with the most intense peak for an m/z ratio 
of 182 (followed by further peaks of lower intensity at m/z 170 and 152). Attempts 
were made to elucidate the structure of the molecular ions, but none of the 
structures matched probable ion fragments of the possible film ingredients, such as 
antioxidants, acid scavengers or polymer fractions. 
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